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FOREWORD

This is the final report for Contract F33615-76-C-5172, Disk Residual Life Studies, covering
the period 1 April 1976 to 30 June 1979. It is divided into two parts relating to specific engine disk
applications. Part 1 deals with IF100 1st-stage turbine disk, while the subject of Part 2 is the TF30
10th-stage compressor disk. A third part is scheduled to be published in 1980 as the final report
for an additional study entitled, “Concept Definition: Retirement-for-Causé of F100 Rotor Disks.”
The first two parts are be:ng submitted in December 1979,

The Air Force Project Engineer is Dr. W. H. Reimann, AFML/LLN, Wright-Patterson AFB,
Ohio. The Responsible Engineer/Program Manager is J. S. Cargill, reporting through J. A. Har-
ris, Jr. to M. C. VanWanderham, General! Supervisor, Mechanics of Materials and Structures,
Pratt & Whitney Aircraft Group/Government Products Division, (P&WA/GPD) West Palm

Beach, Florida 33402.

The authors wish to acknowledge the contributions to this program made by R. M. Wallace,
former Program Manager, prior to his reassignment to his present position at the P&WA Dayton

field office.
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SUMMARY

A residual fatigue life prediction method, suitable for Retirement-for-Cause application, has
been developed for two P&WA turbine engine disks: the F100 1st-stage high pressure turbine disk
and the TF30 10th-stage COMpIessor disk. The method is based upon interaction of fracture

hanics crack prop pts with lab y destructive evaluati

(NDE) techniques. Fracture mechanics life models were developed using the GPD hyperbolic sine
(SINH) model, refined during an earlier Air Force Matenals Laboratory (AFML) program Stress
intensity (K) solutions for the engine components were based upon experimental effective K
determinations made during full-scale component fatigue tests. The NDE techniques developed
for disk inspections included ti iysion (AE), eddy current (EC), and fluorescent pene-
trants (FP). St h d trant and iaut ted rotating probe EC techniques were
developed as periodic mspectlons, while AE time-domain technique was developed as a real-time
inspection tool, resulting in the following observations.

o AE inspection is sensitive to unexpected defects in the entire component, as
well as those in primary fracture critical locations.

AE inspecticn i8 not limited to surface or near-surface defects.

Application of AE techni to real-time component inspection of operat-
ing gas turbine engines may be feasible.
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SECTION|
INTRODUCTION

Current turbine engine design sy itate early reti t of all cntical compo-
nents due to uncertainties in matenal fatigue behavior and routine inspection capabilities. When
some conservative ife limitation is reached, the critical components are retired, although non-
destructive inspection generally indicates structural integnty parable to virgin p t

In the case of Government-owned engine disks alone, it has been estimated that repl t

costs of undamaged disks will reach $100,000,000 in the 1980 to 1985 time period (Reference 1).

Increasing p ¢ at all Gover t levels to reduce costs and conserve basic materials
and energy is resulting in major turbine engine assessment and redesign programs to better
understand fatigue damage mechanisms and extend useful life of critical components through
advanced design systems In order to assure more economical engine operation, a primary seg-
ment of any advanced design system is NDE to reject potentially d ous critical comp ts
and allow utilization of structurally sound components to the full extent of their design hfe.
Buckley (Reference 2) researched the economic potential of advanced NDE techniques while
employed by the AFML and concluded that “a synergism between the development of advanced
NDE and the development of models to predict failure is tial for the realization of the
overall economic potential that these fields offer.”

The imphcation of ad d NDE has g lly been more sensitive techniques to detect
small flaws However, D P. Johnson (References 3 and 4) determined that cost-effectiveness of
advanced NDE is a function of (1) the cost of manufacturing, (2) the cost of inspection, (3) the
cost of failure, (4) the NDE rejection probabihty, (5) the flaw frequency, and (6) the probabulity of
fanlure, given the fact that the material umt contains an imperfection of a given size. In other
words, to establish the “optlmum NDE methodology for an advanced design system, there must
be a consideration of f: pection uncertainties, and probabihty of component
farlure,

It was the intent of thig program to establish a low-cycle fatigue (LCF) residual life predic-
tion method for two engine disk components (the F100 1st-stage high pressure turbine disk and
the TF30 10th-stage compressor disk) and project widespread, practical applications of the
method. The results of this program will be instr: tal in determination of the direction of a
follow-on study, entitled “Concept Definition: Retxrement-for-Cause of F100 Rotor Disks,”
through development and d tration of a fracture mech dual life predic-
tion method which allows operation of critical engme components until quantifiable damage

itates retir t. Fracture hanics life predictions are based on the results of AFML
Contract F33615-75-C-5097, “Apphcations of Advanoed Fracture Mechanics Concepts to Crack
Growth in Turbine Disks ” These Its have been published in three AFML Technical Reports
and ave hsted as References 5, 6, and 7 in this report.

The optimum procedure for minimum residual LCF hfe prediction of the F100 1st-stage
turbire disk has been determined to be an NDE methodology based on laboratory AE, EC, and
FP inspections, combined with fracture mechanics and empirical modeling pts. The pt
of fiacture mechanics/NDE-based Retirement-for-Cause is illustrated in Figure 1. Note that
safety factors, such as multiple reinspections during a period of detectable subcritical crack
growth, may be built mto the system

In applying this residual life prediction method to the TF30 10th-stage compressor disk, the
procedure changed httle Penodic laboratory inspections were quantified according to reliability
of fatigue crack detection 1n the primary critical location (axial bolthole).
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Figure 1,  Residual Life Prediction as Applied to Retirement-for-Cause
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The program techmcal approach consists of a five-phase effort including: (1) laboratory

on ple sp tries, (2) laboratory studies to determine optimum inspection

for 1 tries, (3) develop t of the opti inspection proce-

dure for the F100 lst-stage HPT dmk 4 demonstratlon of the residual life prediction procedure

for the F100 1st-stage HPT disk and application methodology to a different disk material and

geometry: the TF30 10th-stage compressor disk, and (5) the follow-on study “Concept Definition:
Retirement-for-Cause of F100 Rotor Disks.”

- R A AT o8

PHASE {

»,

U

o
&

In the first phase of this program, lab tudies on simpl tries using
AE multiparameter distributions, including slgnal pulse width, peak amphtude, and nngdown
counts per event, were conducted during elevated temperature strain-control LCF testing of
GATORIZED® IN100 to characterize the vanous stages of fatigue damage in the high-strength,
powder-metallurgy nickel-base superalloy. The objectives of this phase were to charactenze
fatigue mechanisms in IN100 and establish the utility of AE for classifying these mechamsms.
It was concluded from the test results that at least four different stages of fatigue damage in
elevated temperature IN100 may be characterized using time-domain AE mult: ter distri-
butions (Reference 8).

VeRH A

T
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PHASE #l

In the second phase, studies were performed to determine opti inspection proced
for plex IN100 speci tries. Compansons of inspection techniques included eval
tions of the potentml for Type I and Type II inspection errors R benng that it is a single
crack size, a, that is being quantified (for the fracture mechanics analysis), the following defim-
tions are made:

1. Type I errors include not detecting defects that are larger than a These
result in possibl t fail

Type I errors include 1dentifying i matenal hes or surface
aberrations as real defects, thus creating high, costly rejection rates.

The FP, EC, and AE inspection techniques have been established as viable individual tools
for detecting fatigue damage in turbine engine alloys (References 9 and 10), but the use of these
three techniques (or any bination of techni ) as complementary inspections of comr plex
engine component geometries has received httle development. The primary impetus of Phase II
research using complex g try speci was to establish the relative advantages and disad-
vantages of these various inspection techni as apphed to specific turbine engine disk frac-
ture critical locatxons Using Phase II resulus, an inspection methodology combining the three
techniques as “ tary” i tions (each technique being used according to its particu-

lar set of advantages) was developed during Phase II for inspection of the F100 1st-stage HPT
disk.

PHASE Il

Phase I1I isted of (1) develop t of the ophhmum inspection procedure for the F100
1st-stage HPT disk, (2) an experimental stress analysis of the disk, and (3) a study in the
P&WA/GPD spin pit to determine feasibility of AE inspection during spin/proof testing of the
disk.




An experiuental stress analysis of the pnmary fracture critical location (radial cooling
hole) was conducted using a strain gage survey. This stress analysis, along with an experimental
fracture h stress ntensity determination, was used to form the basis for fracture

hani idual life predicti The experimental fracture h stress intensity was
determined from crack growth measurements taken during ferns wheel teshing of a 1st-stage
HPT disk. Crack growth/test cycle information was correlated with fracture mechanics specimen
crack propagation rate (da/dN) data to produce an experimental stress intensity model for the
disk region adjacent to the radia? cooline hole.

Inspection procedures were refined and correlated using a fatigue-damaged subject disk
The disk was examined fractographically after Phase IIl NDE studies were complete to produce
a baseline flaw detection/size detcrmination for further correlation with inspection results

The AE research in the P&*WA/GPD spin pit was conducted using a computerized AE
source location system and a simulated AE source to determine the feasibility of AE inspection
of a rotating turbine engine component using state-of-the-ari signal transfer and processing
apparatus

PHASE IV

Dy tration of the residual life prediction methodology for the F100 Lst-stage HPT disk
was performed on three engine-cycled disks, one of which was actuaily returncd to an experimen-
tal engine for its minimum predicted residual fatigue life. Each disk was inspected using a com-
bination AE, EC, and FP technique and fatigue-cycled to failure in the P&*WA/GPD ferris wheel
fixture, Fracture h life characterizati were based upon the interpolative SINH
model, and actual disk test conditions were modeled from specimen test data taken at various
teraperature, cyche rate, and stress ratio conditions.

Applicution of the method to the TF30 10th-stage compressor disk was perfcrmed as a sister
program with the Navy M-32 component life verification program The Navy program funded
the -hsk mechanical tegting effort. Six TF30 compressor disks were subjected to engine-simulated
fatigue damage in the MMT ferns wheel fixture, and residual life models were developeo by
MMT as penodic mmspections were performed. GPD-Design is developing detailed fatigue models
for this disk (under M-32 funding), but results are not yst available for companson with MMT
medels.

The TF30 10th-stage compressor disk program will be discussed as Part 2 of this report to
avoid possible confusion. Baslc materials characterization, studies with complex geometry spec-
imens, and fracture h idual hfe models were developed for the compressor disk, as
was performed for the F100 disks. The primary differences in the TF30 compressor disk program
and the F100 turbine disk program include' (1) NDE reliability of periodic inspections was quan-
tified for compressor disk laboratory inspections, and (2) fracture mechanics models were deve-
loped based upon simple cyclic testing of three disks and fracture mechanics specimens, and
those models were projected to predict behavior of three additional disks tested to a duty-cycle
simulation,
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PHASE V (CONTRACT MODIFICATION, JUNE 1979)

The objective of this phase is to conduct a concept definition study of Retirement-for-Cause
as it applies to the P&WA F100 turbofan gas turbine engine rotor disks From this study, a
means for developing a viable Retirement-for-Cause methodology, a means of determining a
Return on Investment (ROI) for each component, an identification of required technology, and
plans for acquisition, develop t, and impl tation of Reti t-for-Cause techni will
be established. While the program is specifically directed at the F100 engine, an assessment of
the applicability of Reti t-for-Cause to other P&WA engines such as the TI<‘30 TF33, and
J52 may be made. The P&WA Project Group will advise the Gover tin plicabil
ity to other engines in the Government inventory.

While the first four phases demonstrated feaslblhty of the Retirement-for-Cause concert
from the laboratory life model 'NDE standpoint, this t definition phase will include
factors which are crucial to field 1mplementatxon These fact includ pecialized field inspec-

tion p , insp tion and p o fati gituati (suchas .‘.., initiations)
which may not be accounted for in stateof-the-art fracture mechanics life models.

Results of “Concept Definition: Retirement-for-Cause of I'100 Rotor Disks” will be published
as Part 3 of this final report in mid-1980.




SECTION I
EXPERIMENTAL METHODS

LABORATORY APPARATUS

Initial studies consisted of acoustic emssion (AE) characterization of matenal (IN100)
fatigue behavior during crack initiatton and crack propagation studies Low cycle fatigue (LCF)
strain-controlled imtiation testing was perforined using the specimen configuration illustrated in
Figure 2by a servocontrolled, hydraulic test machine (Figure 3) developed at P&WA/ GPD Par-
ticular attention was ft d on 1solating the test load frame from extraneous vibration onginat-
1ng in the system hydrauhcs
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Figure 2. Constant Strain LCF Specimen
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Figure 3. P&WA/GPD Component Life Analysis Group Test Area
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AE laboratory apparatus used in the development of matenal characterizations was sup-
phed by Dunegan/Endevco Corp , San Jusn Capistrano, CA The AE monitoring system and 1ts
configuration are illustrated schematically in Figure 4 The capability to monitor an AE event
with three separate distribution analyzers was imtially developed for P&WA by Dunegan/
Endevco (Figure 5)

Modified compact specimens (Figure 6) were used for AE charactenzation of crack propaga-
tion 1n a simple specimen geometry From the fracture mechanics tests, da/dN relationships
were established at several temperature ranges

Phase 11 studies of IN100 1 try LCF sp s for inspection technique
assessment were conducted on two specimen geometries Bolthole simulation and doveta groove
lation LCF sp are illustrated 1n Figures 7 and 8, respectively.

The eddy current (EC) bolthole inspections were conducted per dically using an Institute
Dr Forster Circog.  * Model 6 230 rotating probe mnstrument The inspection fixture shown in
Figure 9 was developed by P&WA/GPN NDT Engineering

The EC inspections of dovetail groove stmulation specimens were conducted with an Inst-
tate Dr. Forster Defectometer Model 2.164 mstrument. The fixture 1llustrated 1n Figure 10 was
developed by P&WA/GPD to maintain contact of a nonrotational probe with the specimen sur-
face to mnimze hitoff effects The probes, which were designed and produced by P&WA/GPD
— Quality Engineering, have also been used effectively during several engine disk mnspection
programs for evaluation of fatigue d 1n broached slot reg

Phase III development of the disk residual hfe prediction procedure nvolved +he use of
fatigue-damaged F100 1st-stage HPT disk S/N BM 798, for refinement and evaluation of inspec-
tion procedures (Figure 11) The disk was mechanically stressed in the P&RWA/GPD ferns wheel
fixture (Figure 12) for AE source location studies and to produce fatigue damage for EC and
fluorescent penetrant (FP) studies Another 1st-stage turbine disk, S/N BAA 43, was fatigue-
cycled to failure 1n the ferns wheel, and crack length measurements were made penodically for
an expenimental stress intensity determination in the fracture critical region. S/N BAA 43 was
also the subject of an experimental stress analysis program

Centrifugal loads on engme disks can be conveniently simulated using the ferns wheel
fixture. Radial loads are applied by means of pressurized hydraulic cylinders operating from a
mamfold and connected to drawbars simulating the blade/disk attachment configuration Loads
may be applied either in a steady-state condition, cyclic loading, or cycle loading with timed
dwell at load. Elevated temperatures were achieved using resistance-heating ovens which sand-
wiched the test disk faces. Uniform temperatures in excess of 1200°F were accomplished by
slowly rotating the entire fixture.

During Phase 11, an EC probe was developed for inspection of the 1st-stage turbine disk
blade attachment (firtree) regions The fixture, shown in Figure 13, was designed to operate from
the Defectometer Model 2.164 or, with installation of a balancing coil, the NDT Instruments
Vector 111. The probe is capable of inspecting both the upper and lower disk broach slots on
either side of the firtree

& AR

S & ';\"’h,"

EESREBOR




nema o APy A BT

[V

it s S aanls NS S e

Preamplifier

Strain Signal

Sensor

e L EC L

Piezoelectric Transducer

40 dB Gain

Filters, Amplifies
and Quantifies
AE Activity

1

Voltage
Controlied
Gate

Monitor Selected
Portion of
Strain Cycle

L

Audio
Monitor

Amplitude
Detector
Module

Totalizer

Di

stribution ¢ Analyzers

Logarithmic
Digital Output
of Peak Amplitude

Ringdown Counts

Pulse Width

Amphtude

I

1

1

VAR e pow s i

Plotter

Oscilloscope

Strip Chart

Figure 4,

AE Rate

Histogram
Output

GATORIZED® IN100 (PWA 1073)

Log/Sum Slope

AE Monitoring Configuration for LCF Strain Control Testing of

TR
AN
Prends

5 R0t
desing




% R v B A A S T TR SN AT TR S50 1o 0 S PRy €T 1149 ST TR 5 eI e TRER g
TN S B3y

wng Fatigue Testing

AE Laboratory Apparatus Used for Continuous Inpsections Dur-

Figure 5.

s




/—- Thickness (B)

!
. &
in ©
it 5 8= %
B o 0z Q
, N 2 o~ o &
T _ ; |
3
..m __ S © 3 -
; G} ) 8 N § 9O -
& -~ n (3] + S -~
: i © 2
o o0 \/. ey
£ Y 8 z 3
E e —+ +/ ST ] S
,\ ’ il o
o S
ST 2 .
| ;) =
] gtz = s §
Sl [
8 o] % &8 =
] E 2
m S o hoa 2
[~ —tee) .m dla b m
] © . 8 &
—=©3 3 u
- S - I . 2
o I S aan (& < L <
.~ 2 "
(=] - ¥ =
3 _— < 3 3 .

R
S o R AT I N e AT T M 0

N

sx oo AT G re i
G A

AT o~ e 18 =+ wontere w0
promsmep s e ZATRE SR S G

. g A L NEE At
s T MO Bt ot e




3 ‘ PEZTHIToN e b B, 2y 20 g PR

S b EA g QAN e A

R

£ oS

O

T T T,

-

[ea— Gage Section —e=|

Gage
tength

Pt RV

Figure 7. Bolthole LCF Specimen FML 96308A

3.3 5 SADAR (

RN A A A

1010

0990 Rad, 4 Places

.
<

L
A

oAy

l 0.252
I - —
1/2 20 UNF Both Ends 0248

0510 0362
61 0358
Rad 4 Places
Notes 0490
1 0052 Radu to be Milled
2 Finssh Gage Section per

Spec PWA 103 with Edges
Rounded to 00200 030 Section A A
FD 93®

Figure 8.  Dovetail Groove LCF Specimen PWA 1073 K, = 20

MR T E e G S

12

-
0

AT




P G D Ay KA D AR e P e i ST et

TR 3

Circograph Model 6.230 Rotating Probe EC Inspection Instru-

ment

Figure 9

Ll et

R S T g7 R e N AT X e R g P S S P I G MRS VR



Bk,

prS
TR
S

sy

FD 150857
F100 1st-Stage High-Pressure Turbine Disk, Made of GATOR.

IZED® P/M IN100

Instrument With Fix-

on

e
- HPL Y
Foesidy

7o

14

tures and Probes

2 EAE T

Figure 10. Defectometer Model 2.164 EC Inspect

Figure 11.

oo sl

Al et

5k

SELA R N ks e S el s e R e e 8
b TS

s

R

[i- o

EESIE R e e e oy Bt ey AN e o ryeets

PR P G Y

2 WY




FD 112843
Figure 12, Structural Test Laboratory “Ferris Wheel” Facility
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Phase III AE spin studies were performed at the P&WA/GPD Spin Rig Facililty (Figures
14 and 15). The facility 18 used for centrifugal loading of complete engine disk assemblies for test
purposes (including blades, as required). Test piece rotation is accomplished by means of an
air-drive turbine (Barbour-Stockwell, Model 4146HD) which has a speed capability of 25,000 rpm
when the test niece is contained 1n a rough vacuum 1n the range of approximately 300 to 100,
Drive and brake air can be alternately applied to the drive turbine under automatic control from
a Hewlett-Packard dual-present controller/counter (Model 5332B) defining maximum and min-
1mum speed limits when conducting speed cycle fatigue tests. Speed count is obtained from a
magnetic pickup located in close proximity to a 60-tooth gear rotating on the drive turbine shaft
and emitting voltage pulses that are counted over a period of time gated by the Hewlett-Packard
counter

Unique features not commeonly found 1n most spin facihties include' (1) the use of scrap
computer cards and/or paper as an energy-absorbing medium 1n the event of part burst, thus
providing slow particle deceleration, minimum particle damage, and clean fracture faces for sub-
sequent failure analysis, (2) vacuum enclosure only of the spinning part, making a higher
vacuum possible for high-speed work and making possible the use of nexpensive scrap paper
outside the workpiece vacuum can enclosure, and (3) still photography of the part burst cond-
tion, capturing the mitial moment of particle separation, providing failure mode information.

A computerized AE system, Dunegan/Endevco Model 1032, was used dunng the spin
studies to provide an automatic source determination of the simulated AE produced by a pulsing
transducer. The system, shown in Figure 16, uses a four-sensor array for AE source determina-
non (by ime-difference calculations) and nose discrimmation. The system 18 capable of simul-
taneously accepting mput from eight different transducer arrays and displaying source informa-
tion on a storage CRT and high-speed teleprinter Gain 1s adjustable for each transducer from 40
tc 99 dB. The system threshold is manually adjustable

Figure 14. The MMT Spin Rig Showing Vacuum and Turbine Lubrication
Pumps and Turbine Box

16

T BT P
Ll S e,

.

iR
ks
3
*
&
B
s
!
Y
k7
;
¥

23l 239 G st B




LA

LR A

: c s I (5 ot o P . WA brasr TR o T8 > 537
R S

The MMT Spin Rig Basic Configuration Showing the Drive
The Dunegan/Endevco Model 1032 Computerized AE System

Schematic

Figure 16

Figure 15.
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Phase 1V inspections of F100 1st-stage turbine disks were ccnducted periodically using a
Group VI FP system and the Circograph 6.230 for penodic inspections. The Dunegan/Endevco
3000 series AE instrumentation was used for continuous realtime inspection during fatigue
testing.

TEST PROCEDURES
LCF strain controlled testing of IN100 was ducted at t: atures and strain levels

which simulated localized operating conditions at the fracture critical location in an advanced
gas turbine disk

During initial AE monitoring, adjustments were made to the sampling parameters,
mcluding sy gain, amplhtude threshold and voltage controlled gate (operating from the
strain signal) to establish the opti bal between system sensitivity and rejection of
extraneous mechanical and electncal noise. Adyustments were also made to distribution analyzer
processing parameters (multipher and signal envelope) to establish operating ranges which best
characterize the AE signals associated with nickel alloy fatigue cracks. The AE sensor

attachment was made directly to the load rod below the test specimen.

Strain-control LCF testing is accomphshed through the use of a special specimen
configuration (Figure 2) with integral collars for attach t of an ext ter. Electronic
proximity probes are operated from the extensometer.

Phase II dovetail groove simulation specimens were tested at temperatures ranging from
800 to 1200°F and net stresses to 133 ksi (R = 0 05, producing strain ranges up to 1 07%). The AE
mspection was performed conti ly, with the transd ted directly to the load train,
while penodic EC and FP inspections were conducted at intervals from 2000 to 4000 fatigue

cycles (depend upon speci fatigue life predictions). Several specimens were tested to
failure while others were left intact as calibration standards.

Fatigue damage was produced in bolthole simulation specimens by cycling at net stresses
up to 144 ks1 (R = 0.05). Test temperatures ranged from room temperature to 1200°F. AE time-
domain inspection was performed contmuously, with the waveguide-mounted transducer
attached outside the sp gage

F100 1st-stage turbine disk S/N BM 798 was subjected to fatigue d in experimental
engine S/N P050 and in the ferns wheel fixture for Phase III nondestructive evaluation (NDE)
tudies Fatigue acks were detected at several rim locations using EC and FP techniques.
Phase III AE studies were conducted at elevated temperature (1200°F) with three sensors
mounted 120-deg apart on 6-in. waveguides. Wavegudes were attached at small (No 4-40) drilled
and tapped holes in the ends of dusk firtrees. The AE apparatus used for two-dimensional source
location studies is illustrated schematically in Figure 17.
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Phase IV residual life predicti were conducted on three engine-cycled 1st-stage turbine
disks. All three disks were bore-moditied to produce a local stress distribution in the ferns wheel
similar to that experienced in the engine. Bore modification was 'y to produce a realist
stress distribution at the fracture critical locations (radial cooling holes), but the procedure was
not required for AE inspection of the disk rim regions in the ferris wheel. Pertinent operational
data are listed in Table 1.

TABLE 1
TURBINE DISKS FOR PHASE 1V STUDIES

Heat  Experience M
Disk S/N Code Engine  Typel Typell Typelll
BAA 43 BADM  FX217 259 - 1052
027463 ZWXW PO37 1001 - -
BDB257 BADV FX221 3425 25 5867

ACOUSTIC EMISSION INSPECTION PROCEDURES

AE Rate Analysis

Typically, an AE event from the receiving transd may be repr ted as a damped
sinusoid (Figure 18). The AE “counts” are measured as the system threshold is exceeded in the
positive direction. An AE rate analysis indicates the number of times the preset threshold has
been crossed duning one test cycle, regardless of the absolute number of AE events, or wave
packets, that may have been received.

AE rate 18 the most commonly used form of AE inspection to determine variations in
mechanical stress wave activity from a specimen or component which 18 experiencing cyclic
loading.

O AE Counts

/— Peak Amplitude

FD 148902
Figure 18  Classical Representation of an AE Event




BTN 0

jrope et e ARNIEEEL S GO

L e AR B e

Amplitude Distribution

Amphtude distribution analysis is an important mode of AE signal processing and proba-
bly the most widely accepted form of distribution analysis The Dunegan/Endevco analyzer dis-
plays a transduced signal peak amplitude. A linear AE signal is converted to logarithmic form
thereby creating a wide dynamic range. The log-amplified signal is peak detected and an analog-
to-digatal converter then outputs a series of 0 to 100 pulses that represent peak amplitude mn
decibels, with 1 dB resolution.

The summed peak amplitude distribution function, E (V,), is the number of events with
amphtudes exceeding a given voltage value, V,. It is of the form:

E(V)=KV,? (6]

where, K and b are constants for a given increment of loading on a structure. The exponent, b, is
sensitive to changing distnibution patterns and has therefore been used as an indicator of gen-
eral structural integnity in monotonic loading situations.

In the loge of the distribution analyzer, each pulse represents the ratio of the input signal
of 100u V (in decrbels) through the relation:

_ V,
Pulse = 20 log (.1—062\7)
Pulse Width Distribution

The pulse width distnbution analyzer counts the time (10 usec resolution) that an envelope
processor is energized, 1 e., pulse width per event An event is defined when the processor 1s
energzed at the first pulse of a burst. It remamns energized during the burst and stays energized
for a fixed envelope time after the last pulse of the burst above threshold, The end of the envelope
time 1s defined as the end of an event. Total time the processor is energized 1s the burst pulse
width.

Ringdown Counts Per Event

The ringdown counts distribution analyzer s the ber of threshold cr m
each AE event. For a perfectly resonant transducer with a narrow frequency band, ringdown
counts per event, pulse wadth, and peak amplitude would all be directly related when monitoring
rapidl -decaymng burst-type AE. The transducers used during this program were uniformly sens:-
tive (within 5dB) over a 300 kHz bandwidth, having a resonant frequency near 650 kHz Though
the burst-type AE monitored during LCF testmg dxsplayed exponential decay in many cases, the
three distributions functioned pendently with amplitude being the most auton-
omous.

Source Location and Analyzer Operation

The Dunegan/Endevco Model 920 Distribution Analyzer sorts AE events (bursts) according

to time-domain signal charactenstics (pulse width, peak amplitude, nngdown counts, or one-

dimensional source location). Each processed event is assigned & “slot” value from 0 to 100

according to the selected time-domain analysis, full-scale selection, and signal value Analyzer

output is then displayed in hstogram form with slot values displayed along the X-axis and
ber of events assigned to each slot displayed along the Y-axis.
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Figure 19 is an oscilloscope representation of a typical analyzer output. For example, if the
analyzer had been operating in a one-dimensional source-locate mode, the X-axis would represent
the distance (divided into 100 increments) between a transducer located at “0” and a second
transducer located at “100 ” The Y-axis output would display the number of AE events whose
source locations correspond to each of the 100 distance increments. Events whose sources are
outside the boundaries determined by the two transducers are automati Ily assigned to either
slot value 0 or 100,

Y Axis.
Number of Events at
Each Slot Valiue

Y Axis May Be Selected
as a Loganthmic Scale

P
T |
-—-——.J' 5T IR S S Y Axis* Slot Values

0 Stof 100 Slot
t Cumulative Slot Values —am-
FD 1185784

Figure 19 Distribution Analyzer Histogram, Normal Output

As an ple of one-d ional source location, suppose transducers 0 and 100 were
Iocated 100-in. apart on a length of pipe which is beng proof tested. Each slot value (X-axis)
would correspond to a 14n. i t of pipe. If, as the test progressed, the distnibution analyzer
output appeared as in Figure 19, the test engineer would suspect structural damage 1n a region
located roughly one third of the dist bet the transducers. The bulk of acoustic activity
occurs between slot locations 28 and 44, with highest registry occuring at slot 32.

To conduct two-di ional source on a disk configuration, one more transducer
and an additional distribution analyzer are required. Transducers are placed 120-deg apart near
the disk outside diameter, different pairs of transducers are assigned to each of the two analyz-
ers, and the surface s ped using a tr: ting transd Resp from each analyzer is
recorded as the transmitter (simulated AE) is placed at various locations on the disk. Finally,
curved lines of tant anal dings are mapped along the disk for each distribution ana-
lyzer and the two-d ional source location of an event is determined by the intersection of
two of these lines. Two-dimensional source location analysis may be performed on many other
surface configurations using similar methods, while the introduction of a third distribution ana-
lyzer permits three-dimensional analysis in specialized cases. See the Appendix to this report for
a more detailed di ion of the principles of tic emission analysis.
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EDDY CURRENT INSPECTION PROCEDURES

All EC probes used 1n this program were designed and manufactured by P&WA/GPD to
maintain a charactenstic inductance of 6 0 + 0.1uH This rigid standard 1s Ily upheld
through the inspection of all ferrite torords by a Q-meter type inspection system shown 1n Figure
20 (also developed at P& WA/GPD) before couls are wound and probes actually fabricated. Many
supposedly high-sensitivity ferrites are rejected due to msufficient imtial permeability. Typically,
the toroids range 1n size from 0.100 to 0 150-n. diameter Probe designs used for bolthole, coohng
hole, and groove inspections are illustrated in Frgure 21,

Circograph-type mspection of a disk radial cooling hole or bolthole simulation specimen is
performed while a rotating probe (differentially wound) is lowered into the bolthole, never actu-
ally making contact with the specimen. Any defect mside the bolthole will disturb the passing
EC field and a processed signal from the defect will appear on the Circograph storage oscillo-
scope. This is made possible by synchronous action of the rotating shaft and the scope, produc-
ing a 360-deg sweep of the bolthole with each sweep of the scope.

Photographs were taken of many Circograph indications for quantitative assessments of
crack indications as the specimens were subjected to more fatigue cycles.

Figure 20.  Q-Meter Inspection System for Ferrite Toroids
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; * Figure 21, EC Probe Designs Used for Bolthole, Cooling Hole and Groove
H < Inspections
;~ 'g 18
5 k.
% ,,3 Defectometer-type inspections were conducted on the Phase IIT disk firtrees and the bolthole
i e and dovetail groove simulation specimens. The Circograph bolthole inspection was comple-
4 23 ted by a bolthole edge itive inspection performed wath a probe which contains a partial
E- ook h hoe-shaped coil capable of bridging the edge of a hole. This 1 tary mspection,
1 e,. performed by the system shown in Figure 22, is especially important when fatigue cracks are
£ introduced by stress concentrators at bolthole edges, and liftoff effects mask any edge indica-

tions produced by the Circograph.

As seen previously in the lower nght corner of Figure 10, IN100 dovetail groove simulation
p were held ly in a plexiglass fixture. Crack indications were produced by t g
a probe back and forth along a slot in the fixture which allowed chatter-free contact of the probe
with the specimen surface, The probe was typically passed to each end of the specimen slot until
edge effects precluded any further inspection
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Figure 22.  Defectometer Model 2.164 EC Inspection Instrument With a Bolt-
hole Edge-Sensitive Probe

Initially, premspection surface preparation was conducted by applying a mild abrasive
(crocus cloth) to the sp This procedure was later replaced by a stronger abrasive to

remove residual oxidation layers.

FLUORESCENT PENETRANT INSPECTION (FPl) PROCEDURES

Static FPI was conducted by (1) applymg Zyglo ZL 30 oil-base flmd, (2) allowing a 15-
minute soak period, (3) wiping the susp g with cl on 2 cotton swab, (4) applying
developer, and (5) inspecting the specimen 1n a darkroom with a black light, often using a mag-

nifying lens

Static FPI was augmented by wink FPI while phase II specimens were installed in the
fatigue test machine. This form of inspection proved to be much more sensitive to small fatigue
cracks than static FPI. Wink FPI was performed by loading a speaamen 1n the fatigue test
machine to the maximum cyclic load, applying ZL 30 fluid, wiping with cleaner, unloading the

applying developer, and inspecting with a black light. This procedure was later

re\nsed for compression disk inspections.
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SECTION 1l
TEST RESULTS-F100 1ST STAGE TURBINE DISK

T L e T AP

STRAIN-CONTROLLED LCF

The fatigue process at a typical engine disk fracture critical location, such as a bolt or
cooling hole, has been proven during several programs at P&WA/GPD to be strain controlled.
Strain-controlled LCF tests were conducted dunng Phase I to simulate AE output from IN100
turbine disk fracture critical locations dunng LCF

Twenty-two LCF strain control specimens from five different hzats of IN100 were tested
while monitonng with AE multiparameter distributions. Multiparameter time domain distn-
butions included AE amplitude, pulse width, and counts-per-event analyses. Specimen test
conditions, cycles to failure, and other pertinent data are hsted in Table 2.

TABLE2 LCF STRAIN CONTROL TESTING OF IN100
Test
Engine Strain  Test
Specimen Material LCF  Level* Temp Test
Number Source Cycles (%) °F)  Cycles Remarks

2171 Disk FX 21+ 1,761 10 1000 9,984 Macrocracked

2172 Dk FX 217 1,761 10 1000 4,559 Fractured.

2173 Disk FX 217 1,761 10 1000 310 Specimen overstrained
Test discontinued

2174 Disk FX 217 1,761 10 1000 4,200 Test stopped for micro-
crack mnspection

SC-1 Disk BDB 257+ 1,123 10 2,279 Macrocracked
SsC3 Insk BDB 257 1123 10 3,356 Fractured.

036-1 Disk PO36** 1,001 10 3811 Test stopped for micro-
crack inspection,
0362  Disk PO36 1,001 1.0 9,974 Fractured
Disk PO36 1,001 10 2,225 Fractured
Disk PO36 1,001 1,670 Macrocracked

Virgin Forging None 3482 Fractured
Virgin Forging None 1,967 Fractured
Virgin Forgaing None 3,837 Macrocracked
Virgan Forging None 6,027 Fractured
Virgin Forging None 9,574 Fractured
Virgin Forging None 2647 Fractured

V-13 Virgin Forging None 5310 Fractured.

V14 Virgin Forging None 2,700 Fractured.

V15 Virgan Forguag None 5460 Fractured.

V17 Virgin Forging None 8,845 Test stopped for micro-

crack inspection,
V21 “igan Forging None 3,325 Fractured
V22 Yirgin Forging None 8,487 Fractured

e o me

*Mean Striin = % Maximum Strain
**Engine cycled matenal
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Typically, acoustic and distnbution analyses during the course of a strain-controlled
IN100 LCF test may be modeled as:

1. A penod of initial shakedown. The AE rate registry is high. Pulse wadth,
ringdown counts per event, and amplitude distributions reflect AE bursts
with greatly varying charactenstics.

A stable period. The AE rate decreases and the AE distributions indicate
bursts with relatively short pulse widths, few nngdown ts per event,
and low peak amplitudes.

Maximum AE signal pulse widths and maximum nngdown counts per
event suddenly increase (possibly several times during this portion of the
test), but AE signal peak amphtudes change relatively little. The AE rate
may shghtly increase.

Another stable period. AE distributions again indicate bursts with rela-
tively short pulse widths, fewer nngdown counts per event and un-
changed signal peak amplitudes. The AE rate is low.

A general increase in AE activity to specimen failure. The AE rate may
increase two or more orders of magnmitude. The AE distributions indicate
burst registries with longer pulse widths, increased nngdown counts per
event and higher peak amplitudes.

The above ph are repr ted graphically in Figure 23.

Testing of three specimens (036-1, V-17, and 217-4) was discontinued during period “3”
for surface and internal inspections of the gage sections External inspections were performed
using EC and FP techmques, while the internal inspection procedure included sectwmng each
specimen axially and polishing through the inspection surface while micr
at 100X to 1600X. Thin-foil microscopy and replication at 20,/00X were also perfomxed on
specimen V-17

The EC (Defectometer) and FP inspections of the specimen 036-1 gage section surface
produced no fatigue crack indications, However, upon sectioning the specimen axially and
bj g 1t to mi ypic fractographic examination, multiple microcracks (on the order of
1/4 nul) were dxscovered internal to the specimen gage section, initating pnmarily from
microporosity. Further examination outside the most highly strained region of the gage sec-
tion revealed no microcracking in the porous areas, discounting the possibility that the mate-
rial was micr ked prior to testi

Testing of specimen 217-4 was also discontinued after the period “3” of increased AE
signal maximum pulse widths and ringdown counts per event (Figure 24). Even though 2174
was machmed from a different heat of material than 036-1, post-test external and internal

produced similar lts. Gage section internal inspection again revealed micro-
crackmg from microporous areas at the center of the gage section, while no microcracking

was noted outside the most highly strained region of the specimen.
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Decreasing ‘b’ means a higher percentage of larger value pulse widths or amplitudes,
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Replicas from the V-17 gage section showed multiple microcracks adjacent to the pr-
mary gamma prime (y') parhicles Thin-foil microscopy revealed tacked dislocati

at particle boundaries, as well as dislocation slipbands throughout the highly strained
material.

Four tests (217-1, SC-1, 0364, and V-9) were di d near the beginning of AE
period “5” (general increase in AE activity). EC inspection disclosed macrocracks in all spec-
imen gage sections. The distribution records of maximum pulse width, ringdown counts per

event, and peak amplitude for the 217-1 test are presented i Figure 25, llustrating periods
“1” through “5.”

Tests which did not exhibit the above AE phenomena (periods “1” through “5”) encoun-
tered long penods wheremn AE registry was letely ked by extr nowse, or mult-
ple macrocracks were obvious on the specimen fracture surfaces, indicating a bination of
mechanisms operating simultaneously (Figure 26)
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FRACTURE MECHANICS TESTING

2
S
el

During AE insgection of an IN100 turbine disk, fat ack propagation is the
process which 18 expected to be most prc d in fatigue-d d locations Fracture
mechanics tests were conducted on modified compact specimens at several temperatures to
produce da/dN vs AE rate relationships for lication to Phase III and Phase IV disk
studies. Test conditions are summarized in Table 3.

The da/dN ve stress intensity (AK) plots for specimens VTC-1, VIC-2, VTC-3 are 1llus-
trated as Figures 27, 28 and 29, respectively. The plots reflect anticipated results Crack
growth rate 1s higher at elevated temperature. The graphs also prowde an explanation for the
large difference in AE threshold (AK,; thresh.) bet room temperature crack propag
and elevated temperature propagation in IN100 The AE threshold appears to be dependent
upon da/dN and occurs near a crack growth rate of 106 1n./cycle in all cases.

Figure 30 illustrates the difference between the AE rate vs AK relatinnship recorded
from a room temperature test and the same relationship recorded from elevated temperature
tests Although the AE threshold 1s higher at room temperature, the average AE rate recorded
above threshold from the room temperature test was higher than the AE rate levels recorded
from elevated temperature testing over the stress intensity range of 16 ksi v/mn. < 26 ks1 \/in.

The relationship may be affected by specimen thickness, the room temperature specimen
being twice as thick as the elevated temperature specimens. Harris (Reference 12) has shown

that energy released during crack propagation can be related to relevant material constants

and fracture niechanics parameters The energy rel par ter may be repr ted as.

HEONC Y ®

where,

B = specimen thickness
; E = Young¢’s Modulus
R = 000/0pa
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Figure 26. LCF Specimen Fractured After Multiple Macrocrack Indications

TABLE 3
PHASE I CRACK PROPAGATION TESTING OF VIRGIN IN100

Test
Thickness Temp
Number  Specimen Type (in.) rF R

Specimen
Serial v &Ky Thresh

(com) (ki \in)
10 90

10 90
10 160

VIC1 Compact Tension 0125 1000 01
VTC2 Compact Tensmion 0125 1200 01
VTC2 Compact Tension 0250 RT 01
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Figure 30 Stress Intensity vs Average AE Rate for IN100 MCT Spectmens

AT has also been related to total energy velease duning da/dN testing (Reference 13 and
14), theicby establishing a relat t AE output and specimen thickness, B
Although a similar wavegude was used for all three crack growth tests, several factors such
as waveguide oxidation and damping of AE along the waveguide by insulating matenals also
influenced the perceived AE rate levels dunng elevated temperature testing

DOVETAIL SPECIMENS

During Phase II (determination of optimum inspection procedures for complex IN100
LCF specimen geometries) dovetail LCF specimens were tested to simulate local fatigue dam-
age at the blade attachment regions in a turbine disk. Dovetail speciinens were fatigue cycled
at conditions listed in Table 4 Periodic EC Defectometer and FP inspections and conti
AE inspection were performed during each test. Conti AE inspection included AE rate
(counts per cycle) at 90 dB gain, pulse width distributions, amplitude distributions, and counts
per event distributions Linear spatial filtering of the load train was used during several tests
for noise discrimination.
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IN100 DOVETAIL GROOVE SIMULATION LCF SPECIMENS FATIGUE
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Pretest
2,000
4,000
6,000
8,000

10,000
12,000
14,000
16,000
18,000
19,500

24,200
26,200

26,500
29,920

No No
No No
No No
No No
No No
Neo No
No No
No No
No No
No No
No No
Yes No
Yes No
Yes Yes
Yes Yes
Yes Yes

TEST INSFECTION RECORD
Specimen  Inspection AE EC M

S/N Cycle  Indwation Indicaton Wink  Static Remarks

D1 Test Temperature = 1200°F, g, = 117
ket

D1 Pretest - No No No  Notches pohshed

D1 2,000 No No No No

D1 4,000 No No No No

D1 6,000 No No No No

D1 8,000 No No No No

D1 10,000 No No No No

D1 12,000 No Yes Yes No 2c=0060m (FP)

D1 *12,250 Yes - - — AErate

D1 13,000 Yes Yes Yes Yes 2C=02501n (FP)

D2 Test Temperature = 800°F, o, = 133
kst

D2 Pretest -— No No No  Notches polished

D2 4,000 No No No No

D2 8,000 No No No No

D2 12,000 No No No No

D2 16,000 No Yes No No EC Indication not a macrocrack, but
located at region which eventually
cracked,

D2 18,000 No Yes No No  ECIndication not a macrocrack, but
located at region which, eventually
crecked.

D2 20,000 No Ves No No EC Indication not a macrocrack, but
located at region which eventually
cracked

D2 22,000 No Yes No No ECIndication not a macrocrack, but
located at region which eventually
cracked

D2 25,000 Yes - - — AERate

D2 26,000 Yes Yes Yes No 2¢=0010in.(FP)

D2 30,000 Yes Yes Yes Yes 2¢=00901n, (FP)

Test Temperature = 1000°F, o, = 133
1
Notches polished

EC Two indications, one is false

EC- One indication

WFP: Indicates same region as EC at
24,200 cycles. 2¢ = 0008 1n. (FP)

AE Rate and distnbutions

2¢ =0030 in. (FP)

Failure
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TABLE 4
IN100 DOVETAIL GROOVE SIMULATION LCF SPECIMENS FATIGUE
TEST INSPECTION RECORD

Specimen  Inspection AE EC FP Indication
S/N Indication Indication Wink  Static Remarks

Test Temperature = 1000°F, oy, = 133

¥

ksi
Notches polished
EC indicates a scratch, pohshed out

PYYYPEPEYEY

Testing discontinued to use D4 as an
EC bagehne standard for ne crack

Test Temperature = 1200°F, o, = 117

ks
Pretest - Notches pohished
2,000 No
* 7,100 Yes AE rate
8,029 Failure

8% B

*Real time mspection dunng fatigue test.

Inspection results for dovetail groove simulation specimens (S/N D-1 through S/N D-6)
are summarized 1n numerical order for each test in Table 4. Specific specimen test results
follow

Specimen S/N D-1 (fatigue cycled at 1200°F, o,,, = 117 ksi) received a Defectometer crack
indication at the 12,000cycle inspection (Figure 31) The AE record and standard FPI
revealed nothing. However, wink FPI performed in the test machine showed a 60 mil fatigue

macrocrack. The flaw was then d ted with repheation

Upon restart of the fatigue cycling, AE rate indications on the order of 50 to 400 counts
per cycle against a quiet background began to occur near test cycle 12,250 and continued to
the 13,000-cycle periodic inspection. The AE amphtude distribution from cycle 12,500 to 13,000
displayed an increase in peak amphtude from approximately 40 to over 50 dB (Figure 32).

At 13,000 cycles the crack length was approximately 0.25 in However, due to the high
concentration of surface stresses in this specimen design, the depth was approximately 20
muls, or less.

Specimen S/N D-2 (fatigue cycled at 800°F, a,,, = 133 ksi) received Defectometer indica-
tions as early as the 16,000-cycle periodic inspection No fatigue crack was confirmed until
26,000 cycles, when wink FPI indicated a 10 mil flaw. Even though the Defectometer and FPI
agreed as to the flaw location, a fracture mechanics analysis of the notch resulted in less
than 5,000 cycles of predicted macrocrack propagation, connoting that earlier Defectometer
indications were not macrocracks Conti AE rate inspection indicated macrocracking
from 25,000 cycles, and at 30,000 cycles wink FPI confirmed a flaw of 90-muls length.

Speci S/N D3 (fatigue cycled at 1000°F, o, = 133 ksi) was tested to 22,200 cycles
when the Defectometer produced crack indications in both notches. At 24,200 cycles one indi-
cation disappeared while the other remained unchanged.
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Uncracked Notch* Peaks Are Edge Lift-Off Effect as Probe Is
Passed Back and Forth Many Times
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Cracked Notch Short Spikes Between Edge Lift-Off Effects
Are the Macrocrack Indications
D 12899
Figure 31 Dovetail Groove LCF Specimen S/N D-1 EC Defectometer
Records
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,‘ At the 26,200-cycle periodic inspection, wink FPI indicated an 8 mil crack As testing
et continued, AE rate and distribution analyses began to produce fatigue macrocrack indications

which continued to the 28,200-cycle inspection. The wink FPI and replication techniques then
confirmed the crack at 30-muls length.

Specimen S/N D4 (fatigue cycled at 1000°F, o, = 133 ks1) was tested to 21,500 cycles
with no crack indications Fatigue cycling was then discontinued and S/N D4 was used as a
baseline standard for remaining EC Defectometer mspections (after cleaning) as a no-crack

specimen.




Specimen S/N D5 (fatigue cycled at 1200°F, o,,, = 117 ke1) was the subject of an AE
spatial filtering expenment. Periodic EC and FP inspections were not conducted close enough
to specimen favure to detect macrocracking However, AE rate indicated macrocrack imtiation
near test cycle 7120

One-dimensional spatial filtlermg of the load tran to perform subsequent time-domain
distributions was not successful in sorting macrocrack propagation indications to the proper
distribution slot locations. Spatial filtering 15 performed by attaching AE sensors at opposite
ends of the load train and ducting one-d ional AE source location characterization of
the region of mnterest (the specimen gage section). The Dunegan/Endevco Model 920 Distnbu-
tion Analyzer may then be programmed to accept only those signals whose sou: :¢ 15 deter-
mined to be the region of interest for further processing in external memory modules. How-
ever, should one sensor be located far enough away from a relatively low amphtude source
that the signal level 18 below threshold at that single sensor, the signal will register as
extraneous noise m either the 0 to 100 slot (depending upon which sensor receives the signal)
of the distribution analyzer This was the unfortunate case during the test period near cycle
7120 for spectmen S/N D-5 The distnbution analyzer record for test cycles 7000 to 7500 1s
shown 1n Figure 33. The top histogram 15 a record of the spatial filter for this test penod,
with slots 40 to 50 corresponding to the sp gage section. It 1s obvious that the macro-
crack mibhation mdications did not register n the proper region and, since the pnmary sensor
from which the rate plot was taken corresponded to slot location 0, 1t must be assumed that
all of the macrocrack indications registered 1n slot 0 (1 e, the signals were above the threshold
detection level of the primary sensor, but not above the threshold level of the reference
sensor)

Spatial Filter

Pulse Width

Amplitude

FD 127511

Figure 33  Dovetail Groove LCF Specimen S/N D5 AE Distribution Histo-
gram Records

The fact that AE indications diminished during later portions of the fatigue test is sig-
mficant It may be possible for a specimen of the dovetall configuration to coutamn a rela-
tively large fatigue macrocrack without AE venfication
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BOLTHOLE SPECIMENS

During Phase 11, bolthole LCF specimens were tested to simulate local fahgue damage
at bolt and cooling holes in an IN-100 turbine disk. Bolthole specimens were fatigue cycled at
conditions listed in Table 5. Periodic EC Circograph and Defectometer, FP, and conti
AE inspections were performed during each test Conti AE i ction included AE rate
(counts per cycle) at 90 dB gain, pulse width distributions, amphtude dlstnbutlons, and counts
per event distributions

TABLE 5
IN100 LCF BOLTHOLE SPECIMENS FATIGUE TEST INSPECTION RECORDS

Specimen  Inspection AE EC _EP_IM
S/N Cycle  Indication Indication Wink  Static Remarks

BR1 Room Temperature, ope = 114 ka1

BR1 Pretest -_ No No No  Hole honed and pohshed

BR1 5,000 No No No No

BR-1 10,025 No Yes No No  EC Ind:cation not a macrocrack, but
located at region which eventually
cracked

BR-1 15,050 No Yes No
BR1 * 15,120 Yes - —  AE rate and dustnbutions
BR-1 15,400 Yes 2¢ =0 125 1n. (FP) Failure

BR2 Test Temperature = 800°F, o, = 94

ksi

BR-2 Hole honed and pohshed

BR-2

BR2

BR2 X EC. Not a macrocrack

BR2 EC- Not a macrocrack

BR2 EC Not a macrocrack

BR2 EC. Not & macrocrack

BR:2 EC: Not a macrocrack

BR2 X EC. Indication shifted, not a macro-
crack

BR:2 1 EC: Indication shifted, not a macro-

crack

BR-2 X EC. Indication shifted, not a macro-
crack

BR2 X EC: Indtcation shifted, not a macro-
crack

BR2 X EC: Indication shifted, not a macro-
crack

BR:2 1 EC Indrcation shifted, not a macro-
crack

BR-2 X EC: Indication shifted, not a macro-
crack

BR2 , AE rate and distnbutions
BR2 Failure at thermocouple tack weld.
Fractography: no cracks in bolthole

BR3 Test Temperature, = 1000°F, g, = 90

kst
BR3 Hole honed and pohshed
BR3 EC Not a macrocrack
BR3 3 EC Not a macrocrack
BR3 1 AE Clevis pin failure
EC Not a macrocrack
BR3 EC Not a macrocrack
BR3 AE rate and distributions
Failure at thermocouple tack weld.
Fractography" no cracks in bolthole
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TABLE 5
IN100 LCF BOLTHOLE SPECIMENS FATIGUE TEST INSPECTION RECORDS
(Continued)

Specimen  "nspection AE EC FP Indscation
SN Cycle  Indication Indication  Wink  Static Remarks

BR4 Test Temperature = 1200°F, Onet = 82
ks

1

BR4 Pretest Hole honed and pohished

BR4 5,000

BR4 10,000

BR4 15,000 EC Indication not a macrocrac’, but
wcated at region which even tuefly
racked

BR4 20,000 EC Indication not a macrocrack, but
located at region which eventually
cracked

BR+4 * 24,700 AE rate indications

BR4 25,000 Lractograph 2¢ = 0040 1n

BRS Text Temperature = 1000°F, Oper =
ksi

1
BRS Hole honed and pohished
BRS
BR3
BRS
BRS EC: Not a macrocrack
BRS
BRS
BRS No
AE May be false or resulting from
iniiation at internal defect
EC Not a macrocrack
EC Not a macrocrach
EC Not a macrocrack
EC Not a macrosrack
EC Not a macrocrack
EC Not a macrocrack
EC Not a macrocrack
EC Revised premnspection hole prep-
aration

Upet Talsed t0 99 kay

No No
No sdditional periodic inspections
- - = AE distnbutions
Failure from wntemal defect inside bolt-
hole

Test Temperature = 1200°F, gy = 82
ks
Hole honed and polished

EC Two indications, not macrocracks
EC One indication repeated, not a
macrocrack
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TABLE §
IN100 LCF BOLTHOLE SPECIMENS FATIGUE TEST INSPECTION RECORDS
(Continued)

Specimen  Inspection AE EC FP Indication
S/N Cycle  Indication Indication Wink  Static Remarks

BR$6 40,000 EC: Not a macrocrack
BR6 45,000
BR6 50,000
BR6 55,000 o
BR6 60,000 EC Revised premnspection hole prep-
aration
BR6 65,000 0, raised to 9 ka
BR6 70,000
BR6 75,000
BR6 80,000
BR6 85,000
BR6 90,100
BR6 95,150
BR6 100,000
BR6 105,000
110,000 Test discontinued

Test Temperature = 1000°F, g,y = 120
ksi

Hole honed and polished
AE distnbutions

Failure at thermocouple track weld.
Fractography: 0030 1n crack at
region indicated by EC

Test Temperature = 1200°F, o, = 110

K81
Hole honed and pohshed
AE rate
Faulure before penodic inspections

Room Temperature o, = 144 ks1
Hole honed and pohshed

2¢ =0010 1n. (FP and replica) Used
as EC standard

Test Temperature = 1000°F, ¢, = 100
ks

Hole honed ¢ . nolished

AE rate

2c=0125

Test Temperature = 1000°F, g, = 113
kn

Skewed bolthole (25-deg angle)

Hole honed and polished

EC Revised preinspection hole prep-
aration




TABLE 5
IN100 LCF BOLTHOLE SPECIMENS FATIGUE TEST INSPECTION RECORDS
{Continued)

i

Specimen  Inspection AD gc  _FPIndication
SN Cycle  Indicatwon Indicaton Wink  Static

BS1 No No No No

BS1 No No No No

BS1 2 Yes - - «—  AErate and ampltude dist
BS1 Falure

BS2 Test Temperature = 1000°F, o, = 113
ksi

Skewed bolthole (Zdeg angle}
BS2 Hole honed and polished
BS-2 4,560 EC- Revised premspection hole prep-
aration

BS-2 9,560

BS2 12,560

BS-2 16,560

BS2 21,560

BS-2 *23,300

BS2 23,500

*Real Time Inspection dunng fatigue test

Inspection results for bolthole simulation specimens (S/N BR-1 through S/N BR$, S/N
BQ-1, BS-1, BS-2, and S/N BC-1 through S/N BC-3) are listed 1n chronological order for each
test in Table 5

Specific spectmen test results follow*

Specimen S/N BR-1 (fatigue cycled at room temperature, g, = 144 ksi) received crack
indications by both EC inspection methods at the 15,050-cycle periodic inspection. Figure 34 15
the Circograph record from this inspection, indicating cracks at 90 (pnmary imtiation site)
and 270-deg (secondary initiation site). Shght FPI indications were recorded from both sides
of the bolthole

Upon restart of fatigue cycling, AE rate snd distribution analyses began to indicate
fatigue macrocrack propagation near cycle 15,120. Count rate increased by more than an
order of magnitude and maximum peak amplitudes of the incoming AE bursts :ncreased from
50 to over 80 dB. By fatigue cycle 15,400 the pnmary fatigue crack was over 1/8 mn. long, and
at 15,850 cycles the specimen fractured. Figure 35 clearly illustrates the subentical crack
propagation regions.

Specamen S/N BR-2 (fatigue cycled at 800°F, o,,, = 93.7 ks1) recetved Circograph indica-
tions as earlvy as the 15,000-cycle periodic mnspection. A fracture mechanics analysis of the
specimen disclosed that, while these indications occurred at high-stress regrons, macrocrack
propagation hfe of this specimen (a; = 0.003 in.) was on the order of several thousand cycles;
and, therefore, the imndications were not originating from fatigue macrocracks,

Although EC and FPI produced no mndications of impending failure (fracture occurred at
a thermocouple tack weld site on the gage section), AE rate and distnbution records indicated
macrocrack activity commenang 1,500 cycles before final fracture at 71,700 cycles Fracto-
graphic analysis of the bolthole revealed no fatigue macrocracks.




Cracks Are Indicated at 90° (Primary Initiation
Site) and 270° (Secondary Site)
FD n3nine
Frgure 34  LCF Bolthole Specimen BR-1, 15,000-cycle Circograph EC
Inspection Records

TEST CONDITIONS® apay = 144 ks,
ROOM TEMP, N¢ = 15,950 CYCLES

SyeTy

FD 131175
Figure 35 LCF Bolthole Specimen BR-1 Fracture Surface
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Specimen S/N BR-3 (fatigue cycled at 1000°F, o, = 90 ksi) received AE indications near
cycle 15,000. At the periodic inspection, these ndications were determined to be initating
from a cracked clevis pin in the load train.

Although EC and FPI could not detect fathgue damage at the unexpected initiation site
(thermocouple weld), AE rate and distribution analyses indicated over 1,000 cycles of macro-
crack p tion before sp failure. Fractography revealed no cracks in the boltholes.

Fractographic analysis was performed on specimen S/N BR+4 (fatigue cycled at 1200°F,
dny = 82 ksi) after the 25,000-cycle periodic EC and FPL Cu'cograph inspection at 15,000,
20,000 and 25,000 cycles had produced indications at the same regmn of the bolthole (Flgure
36); and, near 25,000 fatigue cycles, conti AE rate inspection indicated ack activ-
ity. FPI and Defectometer inspections with the edge-sensitive probe produced no positive
results.

FD 131176

Figure 36. LCF Spectmen BR-4, 15,000-cycle Circograph EC Inspection
Records

Fractographic analysis revealed a fatigue crack in the bolthole i: 237 a corner (indicated
near 90 deg in Figure 35), with dimensions of approximately 40-mils }ength by 60-mils depth.
A smaller crack {less than 10-mils length) had imtiated from the far side uf the bolthole.

Specimen S/N BR-5 (fatigue cycled at 1000°F, o, = 90 ksi for 85,000 cycles, raised to 99
ksi for the final 24,700 cycles) was the focus of surface preparation refinements for EC inspec-
tions. Circograph inspection had produced large indications in the high-stress regions of the
bolthole as early as 30,000<ycle inspection. Although a mild abrasive was being used to pre-
pare the sp for inspection, it b apparent after several inspections that Type II
errors were present. Studies performed at P&WA/GPD predicted less than 2.000 cycles of
macrocrack propagation for this test (Figure 37). As a result, the mild abrasive procedure was
replaced by a stronger plastic wool (Scotch Brite) attached to a drill motor fixture. Figure 38
shows that the large Circograph indication recorded at 270 deg during the 65,000-cycle inspec-
tion was removed before the 70,000-cycle inspection. A question still ins regarding selec-
tivaty of this oxidation problem to high-stress regions of the bolthole.
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Specimen Thickness

Crack Length
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0 500 1000 1500

Macrocrack Propagation Cycles

Test Conditions
oNet = 99 ks

Temperature = 1000°F

Assumptions*
1 Inttial Flaw Length = 6 mils
2 Surface Imtiation
3 Specimen Fails When Crack Grows

Through Thickness
FD 13177

Figure 37. LCF Bolthole Specumen S/N BR-5 Fracture Mechanics Macro
crack Propagation Life Analysis

€5,000-Cycle Circograph Eddy Current Indication at Hole Interior 70.000-Cycle Circograph Eddy Current Record After Cleaning

FD 131178

Figure 38. LCF Bolthole Specimen BR-5 Circograph Records
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After the 95,000-cycle inspection of specimen S/N BR-5 it was decided, 1n the interest of
expediting the test, that periodic inspections would be di tinued until conti
inspection indicated macrocrack activity AE indications occured only within the final 500
cycles of the test. The most pronounced indications of impending failure came from AE pulse
width and counts per event distributions which revealed a 50% increase in maximum para-
metnic values duning the final period of the test (Figure 39).
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Fractographic analysis of S/N BRS resulwd in the observatxon that macrocrack initia-
tion occurred at an aluminum rich, one-mile d t Jocated several mils from the
bolthole edge (Figure 40). It is likely that the lack of a pronounced AE macrocrack indication
until the final stage of the test was due to the anoxic state of fatigue crack growth from an
internal defect during the initial stage
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Figure 40 LCF Bolthole Specimen BR-5 Fracture Surface

) 28 Speci S/N BR-6 (fatigue cycled at 1200°F, o, = 82 ksi for 65,000 cycles, raist;d to 90
B I ks; for an addxtlonal 45,000 cyclee) was the continued focus of preinspection cleaning proce-
5 2 dure experi dicati apparently resulting from selective oxidation at

high-stress regions of the bolt.hole also appeared near the 30,000-cycle mark of this test. At
the 60,000-cycle inspection, the highly abrasive cleaning procedure was initiated. The next ten
periodic inspections produced no false indications. Fatigue cycling of S/N BR-6 was discon-
tinued at 110,000 cycles to expedite the program.
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29 DISK INSPECTIONS (PHASE Iil)

An experimental stress analysis of F100 1st-stage turbine disk S/N BDB 257 was con-
ducted for Phase IV ferris whee! residual life studies. As mentioned previously, Phase IV sub-
ject disks were boremodified to produce engine-simulating rim stress during ferris whee] test-
ing. Maximum strain (0.81%) was recorded at a radial cooling hole acute corner. Room
temperature sirain survey results are listed in Table 6, with strain gage locations illustrated
in Figure 41.
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TABLE 6
F100 1st-STAGE HPT DISK S/N BDB 257
ROOM TEMPERATURE STRAIN SURVEY
(See Figure 47 for Strain Gage Locations)

Strain (Micro in /in ) For Radial Load (1) of.
2000 4000 6000 8000 10000 11080 10000 8000 600G 4000

1400 2780 4240 5720 7280 8110 6950 5660 4570 3130
1420 2780 4250 5730 7270 8110 6920 5630 4530 3040

1340 2660 4030 5380 6810 7580 6540 539C 4340 2950
1360 2660 4050 5400 6820 7590 6530 5380 2860

1330 2700 4160 5610 7120 7950 4640 3060
1350 4190 5660 7140 7940 5850 2990

T

3970 5320 6370 7490 2820
3980 5330 6730 7480 2760

Lo

3070 4080 5120 5670 2090
3080 5150 5680 2040

3110 5210 5770
3120 5230 5780 2050

.

S ot

3450 5430 5900
3450 5430 5930

3540 5940
3550 5950 6580

A8

2380 2630
2370 2620

2340
2340
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1, 2, 3, 4, Circ (at Radius
Tangent Inside Hole)

o e K

7, 8 Circ
Radial (at Radius
TR Tangent
Cooling Hole BT Inside Hole,
Both Ends)

o

X

Axlat
Cooling Hole

9, 10 Circ
13, 14 Circ 11, 12 Radial

15, 16 Radlal\

Bore Modified
for Ferris
Wheel Testing

Disk Web

6.8 in. Radius

17, 18 Circ (Bore Cutout)
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Figure 41.  F100 Ist-Stage Turbine Disk S/N BDB 257 Strain Gage Loca-
tions for Experimental Stress Analysis
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1st-stage turbine disk S/N BM 798 was enginecycled in expertmental engine P050,
recerving 330 Type I LCF cycles, 46 Type II LCF cycles, and 2157 Type III LCF cycles (a
total of 7747 hr) The mmportance of using an engine-cycled disk for Phase III studies is
primanly 1n the realm of EC inspection The premspection preparation procedure was further
refined during Phase III to elhiminate Type Ii EC nspection errors ansing from oxidation
effects The disk was not bore modified before being subjected to 5310 Type I LCF cycles in
the ferns wheel at 1200°F and 11,700 1b maximum drawbar load to produce fatigue cracking
1n radial cooling holes (primary fracture cntical) and blade slots.

Prior to AE inspection of disk S/N BM 798 1n the ferris wheel, the disk was character-
1zed using a pulsing tiansducer to stmulate AE to determine source location readings along
the entire disk nm adacent to the radial cooling hole acute corners (see “AE Inspection
Procedures” fcr explanation of characterzation procedure). This one-dimensional charactenza-
tion for each cf two distnibution analyzers is presented as Figure 42 The distnbution analyzer
output for each disk location corresponded to a “slot” value between “0” and “100.” The
charactenzation was performed us.ng three Dunegan/Endevzo D750 transducers mounted on
6-in. waveguides, spaced 120 deg apart along the disk nm The charactenzation was checked
at total gan settings of 80 and 90 dB.

Distnibution analyzer output dunng 100 ferris wheel fatigue cycles indicated the disk
regions hsted in Table 7 Since the disk radial cooling holes were the only regions to be AE-
characterized, indications from the blade attachment regions appeared in terms of the closest
radial cooling holes

Two FP mspecbons were conducted on the blade attackment regions of disk S/N BM 798
after ferns wheel initiation of fatigue cracks and AE mspection. The first FP was conducted
as a stardard producaon inspectton, while the second was performed under carefully con-
trolled laboratory conditions Kesults of both inspections are listed in Table 8.

The EC Circograph nspections were also performed in the disk radial cooling holes
according to the procedure outhned in Section II. Abrasive premnspection surface preparation
procedures were ased to ehminate oxidation layer effects Onginally, Scotch-brite plastic wool
was used before Circograph inspection Then the radial cooling holes and disk lugs were
vapor blasted before a second inspection run. Subtle changes 1n several indications occurred
as a result of the vapor blast and will be disussed in Section IV, The Circograph nspection
record 15 histed in Table 8

The EC Defectometer-type inspections were conducted 1n the disk lug regions using an
NDT Instruments Vector 111 system and the fixture shown in Figure 13. With the addition of
a balancing coil to the probe designed for Defectometer use, the Vector 111 is designed to
sumphfy adjustment for hftoff effects The probe performed satisfactorily for Phase III disk
mspections, but the fixture iself proved to be unsatisfactory. Although several changes were
made to the fixture, 1t still allowed the probe to dnft as it was moved along a broach slot.
The fixture was finally made workable for laboratory use, but a design similar to that shown
in Figure 43 1s recommended for future studies. The Defectometer inspection record is hsted in
Table 8.

Fractography was then conducted on selected disk radial cooling holes and blade attach-
ment regions in an attempt to produce flaw confirmations. Results are also listed in Table 8
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Figure 42 Source Locate Character:zation F100 1st-Stage HPT Disk Radial
Cooling Holes
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ACOUSTIC EMISSION SOURCE LOCATION INSPECTION
F100 18t-STAGE HPT DISK S/N BM 798

Analyzer 1 Analyzer2
Pood, Pead:

d Rodial Cooling Hole

48 1

63 26

56 34

61 28 (crack Jocated 1n lug between holes 28 and 29).
56 34 (crack Jocated 1n lug between holes 34 and 35).
35 55 (no crack confirmed)

37 65 (crack located 1n lug between holes 65 and 66).

TABLE 8
PHASE 111 DISK INSPECTION RECORD F100 1st-STAGE HPT DISK
S/N BM 798

Rad:al Cooling Circograph  Production FP Fractography
Hole No Ind, Ind; (in. Length X in. Depth)

1 Large Yes 0045X 0022
9 Small No
Small No
Small No
Small No
Small No
Small No
Small Neo
Small No
Small No
No
No 0010 X 0005
No -
Yes 0.160 X 0100
No Uncracked
No
No
No
No
No
Yes 0.200 X 0145
No Uncracked
No -
No -
No Uneracked
No
No
No
No
No

b
©

13
4
15
19
20
2
2
2
A4
25
2%
27
29
30
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TABLE 8
PHASE III DISK INSPECTION RECORD F100 1st-STAGE HPT DISK S/N BM 798
(Continued)

Disk Lug AE Vector 111 FPInd Fractography
Location Ind: Ind; y  (in. Length X in Depth)

12 No Yes Yes, see note.
23 No Yes Yes, see note
34 No Yes
45 No No
56 No Yes
67 No No
No No
No Yes
No Yes Uncracked
No Yes -
No Yes Yes, see note
No Yes -
No No -
No Yes -
No Yes -
No Yes 0.35X012
Yes Yes 0.36x012
Yes Yes 040x012
4041 No Yes -
4445 No Yes (Crack Gaping Open)
4647 No No
5667 No Yes
65-66 No Yes

NOTE. Lug broken open adjacent to visible crack

AR

s

St S g RS D

e
L
ps
-3
@
%
y:
&
N
k3
b
i
:
M
¥
k3
I3
7
4
]
3
&
H

FAE 162969

Figure 43. Recommended EC Probe Fixture for Disk Lug Inspections




%
K
v
)
E
3
£
%
Bt
E -
*;
E
h

o g

SPIN STUDY (PHASE i)

Five miniature AE transd D Endevco P/N S§1000 BM, were obtained for
AE evaluations during spin testing of an FIOO 1st-stage HPT disk. The single-ended trans-
ducers are 5/16-in. in diameter and ted conveniently inside the disk snapring, where
centrxfugal loading acted to increase transducer coupling Centrifugal loading from each
tr was caleulated to be less than 200 1b at 10,000 rpm,

The standard 1032 AE inspection system puter program, whose transducer arrange-
ment is shown in Figure 44(a) was determined to be unsuitable for AE disk inspections due to
a requirement for a center transducer or three parallel transducers in place of the center

transducer. Instead, an alternate computer program whose normal sensor -arrangement is

llustrated 1n Figure 44(b) was modified to date evaluation of a disk surface Since

transducer arrangement 1n the snapnng could not be conducted to the required 45 deg paral-
lelogram and AE signal paths around the disk bore produced large errors in computer calcu-
lation of rectangular coordinates for emission sources, characterization of the disk surface
with simulated AE was required to ble correlation of calculated (x,y) coordinates with
actual locations on the disk surface Such a correlation for the disk snapring region is illus-
trated as Figure 45. With proper software alternations the existing packaged computer pro-
gram could be rendered more suitable to the disk geometry, but the above mapping process
would still be required. Dunegan/Endevco is currently developing a “random array” packag
which will ehiminate the necessity of mapping complex test surfaces. During spin studies,
simulated AE from a pulsing 81000 BM transducer was used to various rpm ranges to dem-
onstrate feasibility of real tme AE inspection during spin testing.

3

3
M—— Centroid
0"\
0

1 s 2
a. Standard “Quad” Array (Transducer “O" May Be

Replaced by Three Parailel Transducers for
Disk Inspectiong)

b. Alternate Array
FD 148909

Figure 44,  Dunegan/Endevco Model 1032 Computerized AE System Trans-
ducer Arrays
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Before the spin program began, system electncal noise studies were conducted to deter-
mine the effects of passing the AE signal along standard (not coaxial) conductors on the disk
surface and through the slipring assembly. Vanous sections of the system were assessed
independently by determining the total gain setting which was attainable without
inundating the system with electrical noise. Results are summanzed in Table 9 Obwviously,
the first shpring to be used with the AE system contributed greatly to the ambient noise
level.

TABLE 9
ELECTRICAL NOISE ASSESSMENT FROM
SPIN CONFIGURATION

Mexmum Gan
Descrip (dB)
Baseline 99+
Spin Configuration 58
Shpnng Omtted 75
Disk Ormtted 66
Improved Shpring 99+

A baseline (condition A) was first established by attaching a stundard coax cable to a
reference sensor on location at the spin ng. At a maximum total gain of 99 dB, the system
was functional. The system was then connected i the spin configuration, passing signals
from the turbine disk through a Tilton shpring assembly (condition B) Maximum total gamn
attamnable was only 58 dB before spunious electrical noise inundated the system. In order to
determine the pnmary nowse source, the AE system was then connected, bypassing the ship-
ring, directly to the disk (condition C) Maximum total gain was then 75 dB. The system was
then assessed by passing signals through the shipring from an external reference sensor (disk
omitted from the configuration, condition D) Maximum gain 1n this condition was only 66
dB It was apparent that the shpnng was the primary noise source.

The pulsing transducer (simulated AE source) was fixed at a location corresponding to
approximately 45 deg in Figure 45. Functionality of the system was checked continuously
using the pulser from a static condition to a spin condition of 7300 rpm. Ambient extraneous
noise level did not change appreciably from the static condition, even at the maximum spin
condition. In fact, there was a noticeable decrease in ambient nowe as the disk assembly
went irom a static to a spin condition, again indicating a problem with signal transmission
through the Tilton shpring. While the system did remamn functional, with the pulsing trans-
ducer being received and source located throughout the spin program, the serious electrical
noige problem would prevent the use of total system gan at the required level tc receive AE
from actual propagating cracks A possible solution, using an improved shpring, 1s presented
in Section IV

RESIDUAL LIFE STUDIES (PHASE IV)

Disk S/N BAA 43 received 743 operational hours 1n expenimental F100 engine S/N FX
217 The disk was then subjected to 11,140 room-temperature, Type I LCF cycles in the ferris
wheel fixture m an attempt to precrack the disk for fracture mechanics analysis. Maximum
measured stran was 0.97% at the acute corner of a radial cooling hole at 14,640-1b drawbar
load. An AE inspection dunng the room temperature cycles and periodic inspectron using the
conventional NDE techmq produced no flaw indications. Fracture mechanmies mimimum
residual hfe analysis for further ferris wheel testing at elevated temperature was therefore
initiated from an imtial flaw s1ze of 10-mils (see Section IV for residual hfe calculations )
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Ferris wheel testing was then continued at 1200°F, ¢,,, = 1.0%, 2 cpm, with AE real time
mnspection being performed to detect imtiation. Near 100 cycles, AE inspection began to indi-
cate crack achivity. At 250 cycles, the disk received an inspection using conventional NDE
techniques, revealing fatigue cracks in three radial cooling holes. Periodic measurements were
then made of the largest crack until the disk failed at 550 elevated-temperature cycles. Crack
length measurements along the outside of the radial cooling hole and into the hole are pre-
sented as Figure 46.

03

T =1200°F
v =2 cpm
R=0.02

=10% 8internal~\ F
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Crack Length - in

400 800 1000
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FD 148911

Figure 46 Ist-Stage Turbine Disk Fatigue Crack Measurements, Radial
Cooling Hole

First- tage turbine disk S/N OZ 7463 received 1001 Type I LCF cycles in F100 engine
S/N P036. The disk was subjected to an additional 909 elevated-temperature Type I cycles in
the ferns wheel before room temperature AE inspection was performed by loading . e disk to
a maximum drawbar load of 12,300 lb for 41 cycles. An AE inspection and subsequent con-
ventional NDE ts produced r.o flaw indications. Fracture hant i hfe
predictions (Section IV) were then made fi~m an 1nitial flaw size of 10-muls

Elevated-temperature fatigue cycling was then resuincd at 975°F, €max = ()92% 2 cpm,
with AE real time inspection being performed to detect initiation AE insp 1 ndicated
fatigue crack extension from cycle 1550, and conventioral NDE performed after cycle 2500
confirmed the presence of two cracked radial cooling holes. One of the cracks propagated
100% through the disk at 3400 total elevated temperature ferms whee} cycles

In summary, crack initiation life for disk S/N OZ 7463 was bewween 1910 and 2551
cycles (including 1001 engine cycles) and propagation hfe was bounded by 1850 to 2491
cycles.
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First-stage turbine dirk S/N BDB 257 was engine-cycled in experimental engine FX 221
to a total of 1121 Type I, 25 Type II, and 755 Type III LCF cycles. The disk was then sub-
Jected to room temperature AE ingpection 1n the ferris wheel, as well as conventional NDE,
before being reinstalled in FX 221. The inspection procedure was repeated periodically (before
engine rebuilds) a total of four times before the disk was finally retired, still receitving no
NDE indications. Disk §/N BDB 257 accumulated a total of 3425 Type I, 25 Type II, and
5867 Type IHI LCF cycles in FX 221. Fracture mechanics minimum life predictions for the
subsequent ferns wheel test were then based upon an initial flaw size of 10-mils.

After bore modification, the disk was subjected to Type I LCF cycles at 1050°F, ¢, =
0.95%, 2 cpm in the laboratory. Cont AE 1nspection and penodic inspections using FP
and the Circograph were conducted throughout the ferris wheel program, Fatigue cracking
was first indicated by AE inspection near ferris wheel cycle 11,000, and the following period:c
mspecticn at 11,500 cycles produced EC indications from two radial coohing holes All of the
radial coohing holes, axial boltholes, and one axial cooling hole received Circograph indica-
tions before the disk finally failed at 14,062 ferns wheel cycles Since the hikelthood was low
that all of the radial coohng holes and axial boltholes in BDB 257 were cracked, the prein-
spection preparation procedure was modified to include vapor blasting for oxide layer
removal. Subsequently, all Circograph indications, except one 1in a radial coohing hole, disap-
peared Fractographic analysis of the disk confirmed only that single crack.

Failure of BDB 257 was nonstandard A furnace element shorted against the disk at the
edge of an axial cooling hole (not the fracture entical location), causing a weak recast layer
which in.. ited the fatal fatigue crack (Figure 47). However, the confirmed radial cooling hole
crack would have caused disk farlure in less than 100 cycles. The inspection record from the
BDB 257 ferns program 1s histed in Table 10

E

K -
{
-
H
3
i
B -
b1
%
g3
»
g
3
I
i
B3




R aat e At

3

PR

R TN

S AT S e 1 Bk D S

ot b IS P B b

FD 159,

Figure 47  Front Vieu Showing Crack from Axial Cooling Hole at “Fail-
ure” Condition
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TABLE 10
1st-STAGE TURBINE DISK S/N BDB 257
FERRIS WHEEL PROGRAM INSPECTION RECORD

P s A

Circograph Fp
Indication Indication

No
Yes (scratches)
No

No
No
Two Radial Holes No
12,500 Six Radial Holes One Axial Cooling Hole
One Axial Coohng Hole
13,592 66 Rad:al Holes One Axial Cooling Hole
All Axial Boltholes
Cne Axial Cooling Hole
14,062 (Failure) 68 Radial Holes Bore (iniiation at a
All Axial Boltholes second recast area)
Fazlure at Axial Cooling Hole
Vapor Blast One Radial Hole
Radial Holes (Confirmed by Fractography)

*Real ftme inspection dun- £ fatigue test.
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SECTION IV
DISCUSSION — F100 1st STAGE TURBINE DISK

PHASE | (ACQUSTIC EMISSION FATIGUE CHARACTERIZATION)

Crack propagation studies revealed the AE threshold (stress intensity above which crack
p tion AE is detectable) to be lower for elevated temperatures (1000°F and 1200°F) than
room temperature. However, the AE threshold appcared to be associated with a sumilar crack
growth rate (da/dN) in all cases, indicating that an AE rate vs da/dN relationship may be
more universally applicable than an AE rate vs AK relationship

It 18 apparent from the stramn-control LCF test results that at least four different stages
of fatigue damage 1n elevated temperature IN100 may be characterized using time-domain AE
multiparameter distributions (MPD) The respective AE characteristics are illustrated in Fig-
ure 23 The four fatigue stages are

Stage | — Nucleation
MPD Phenomenon
o All three time-domam distributions (ringdown counts per event, pulse
width, and peak amphtude) fluctuate during the mitial “shakedown” por-
tion of a typical test, followed by relatively small consistent parametric

values

Mechanism

o  “Shakedown”is a bination of ext noise from the test load tramn
and acoustic output from imtial plasticity at the specimen gage section

Duning nucleation, dislocations stack up at obstacles such as microporosity
and grain boundaries,

Stage Il — Microcrack Initiation
MPD Phenomena
e  Increased maximum ringdown counts per event
e Longer signal pulse widths
e  Litle vanation i peak amplitudes
Mechanism
e Microcracks begin to form 1n regions of highest stress concentrations both
mternally and externally. These events occur individually over longer peri-
ods of time than stackup (producing longer AE signal pulse widths and
greater ringdown counts per event), but energy release is not great enough
to apprecably affect AE amplitude distributions
Stage !l ~ Transition

MPD Phenomens

®  Maximum nngdown counts per event and maximum signal pulse widths
decrease to levels occurring previously during the nucleation stage.

Amplitude distributions still display httle change.
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Mechanism

o  Dislocations are moving to free surfaces (microcracks) as they occur. Lack
of stacking before dislocations are rel d prod shorter lived individual
acoustic bursts (i.e.,, shorter pulse widths and fewer ringdown counts per
event than during microcrack imtiation).
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Stage IV — Macrocrack Propagation
MPD Phenomenon

e All three time-domain distributions display increases in maximum para-
metric values.

Mechanism

. Large incremental advances in the fatigue crack(s) occur, producing rela-
tively large acoustic energy release with each advance Internal crack
pr tion reaches the sp surface and oxidation layer cracking (as
well as the large acoustic energy release) contributes to higher acoustic
peak amplitudes. Each event occurs over a longer period of time than those
occurring during leation or transition ph thus producing longer
signal pulse widths and more ringdown counts per event.

Detection of fatigue macrocracking may be performed solely on the basis of AE peak
amplitude distrbution analysis. The results support the theory (Reference 15) that larger
deformation events produce more AE energy, and, therefore, larger AE peak amphitudes.

PHASE Il (NONDESTRUCTIVE EVALUATION OF COMPLEX GEOMETRY SPECIMENS)

It was apparent that the AE MPD phenomena associated with mcrofatigue damage mn
the IN100 strain contro! LCF specimens was not readily detectable from the complex geome-
try LCF specimens. These subtle AE characteristics were not useful to classify fatigue dam-
age in the Phase II speci b (1) the highest strain vol of the pl try
dovetail and bolthole specimens was relatively small compared to that of a strain control
specimen, and the AE phenomena recorded during the microcrack initiation stage of Phase I
tests resulted from many microdeformations or fractures rather than single events, (2) extra-
neous AE signals (from load trains, etc.), resulting from higher loads required to fatigue
Phase II specimens, masked most subtle changes in the AE distributions as testing
progressed
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Because EC inspection may be capable of detecting local material perturbations due to
early fatigue damage 1n the IN100 LCF specimens, it 1s difficult to distinguish between false
ndications and real defects (a Type II error). Although fracture mechanics analyses from a 3
mil initial flaw size would disclaim the possibility that acks existed at the first EC
indications durning several tests, these early indications were not idered false if they regs-
tered at surface locations which eventually developed into fatigue macrocracks

N

The edgesensitive EC probe developed at P&WA/GPD was evalvated during bolthole
lation inspect: with the Defectometer system. H 1, even though the design revi-
sion was useful for edge cracks, the probe was virtually ineffective because of bolthole intenor

crack imitiations during each test. The probe was not capable of inspecting cracked regions.
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Type I errors were a major obstacle during Phase II EC inspections. A revised premns-
pection preparation procedure using an abrasive plastic wool (Scotch Brite) proved to be effec-
tive 1n removing most of the oxidation effects which were a primary cause of the Type II
errors, and dunng Phase III and IV vapor blasting was introduced to streamline the
procedure,

The AE Type Il errors were substantially reduced through (1) use of a relatively high
resonant frequency (approximately 750 kHz) transducer, (2) use of spatial filtering, and
(3) development of antirub coatings for load mechanisms.

Bolthole simulation specimen BC-3 was tested at room temperature to a fatigue crack
length of approximately 10-mils at the bolthole. Continuous AE mspection failed to produce
any distinct macrocrack indications before EC, wink FPI, and rephication confirmed the flaw
This result is in agreement with previous crack propagation testing performed to relate AE
threshold levels to stress mtensity. It was determined that the stress mntensity at the tip of a
10-m1l flaw subjected to a 144 ks1 net stress field was less than the room temperature AE
threshold stress intensity (16 kst V) ) for the inspection parameters (sensor, gain, system
threshold, etc ) employed

Heat treatments at 1200°F mn ar were conducted on BC-3 to determine the effect of ox-
dation layers on acoustic activity from the small (1C-mml) fatigue crack. Room temperature
cycles were then conducted while monitoring with one-dimenstonal AE source location to dis-
tinguish between AE from the fatigue crack and extraneous noise from the load train, Test
cycles were conducted using the 750 kHz resonant Dunegan/Endevco D750A transducer

The specimen was again heat treated and subjected to similar room temperature cycles
while monitoring with a 140 kHz resonant sensor. It was determined that ntroduction of an
oxidation layer mn the fatigue crack did cause it to emit at detectable levels even at the rela-
tively low stress intensity of approx ly 13 ksiv/'n.,, and AE output was more readily
detected with the 140 kHz resonant piezoelectric crystal.

An mmportant point was demonstrated through the failure of bolthole specimens at loca-
tions other than primary regions of interest. The AE inspection was able to produce indica-
tions of impending failure even when the orgins were unknown, the entire specimen gage
section was being imspected 1 each case It would have been impossible to inspect the
regrons under tack-welded thermocouples with EC or FPI and, in most cases, it is impractical
to use EC inspection in regions other than primary fracture cntical zones

Fracture mechanics hfe predictions were made for Phase II bolthele and dovetail groove

ion speci to permit estumates of flaw size detectability by AE and EC inspection
technivues Calculations were made using the GPD K computer program (developed by
T. Cruse and P. Besuner) which is capable of analyzing a crack located in a stress gradient,
such as the region ad)acent to a bolthole or groove. The technique utilizes an influence func-
tion requiring only the uncracked stress field to determine a stress intensity solution, Table 11
Iists calculated macrocrack propagation hves (NDE) for most of the Phase II specimens and
propagation cycles confirmed by NDE.
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TABLE 11
CALCULATED MACROCRACK PROPAGATION LIVES
FOR FHASE II SPECIMENS*
: Test Predicted Actual
3 Spectmen  Net Stress  Temperat Crack P Prop
- e S/N (ksy) (°F) Type Life Cycles Life Cycles
¢ X ’ Dovetail
¥ Dt 117 1,200 Surface 2,000 >1,000
g‘ 8 D2 133 800 Surface >3,000 5,000
= ;. (from 1000°F data)
: 20 b3 133 1,000 Surface 3,000 >3,720
5 E D4 133 1,000 Surface 3,000 -
D5 117 1,200 Surface 2,000 > 929

Bolthole
BR-1 144 RT Corner 2,300 > 800
BR4 82 1,200 Corner 1,700 -

82 1,200 Surface 1,350 > 300
BRS 99 1,000 Corner 1,700 -

99 1,000 Surface 1,500 > 530
BR$ 82 1,200 Corner 1,700 -

82 1,200 Surface 1,350 -
BC2 110 1,200 Corner 800 > 300
BC3 144 RT Corner 2300 > 200

*Initial flaw size = 3 muls

The fracture mechamcs analyses, along with actual observed crack sizes, entered into
the creation of surface flaw detectability estimates for dovetail groove and bolthole simulation
specaimens Estimates of flaw detectability and probability of Type II errors are also based on
communications with inspection personnel and inferences from actual data. The relative rat-
1ngs of the vanous techniques, where possible, have bzen confirmed expenmentally

Fracture surface analysis/striation spacing of dovetail specimen D-3 resulted 1n an est.-
mate of over 2800 macrocrack propagation cycles.

Uit

Phase II NDE compsarisons indicated no inherently superior techmque as the optimum
mspection procedure for the F100 1st-stage high pressure turbine (HPT) disk. However, a list-
ng of the relative advantages and dlsadvantages of each technique was produced, along with
suggestions for ry inspections. The hsting is presented in Section IV.
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PHASE Ill (NDE OF THE TURBINE DISK)

Fractography results from disk S/N BM 798 indicate that EC inspection produced Type
11 errors during both cooling hole and lug inspections. It is possible that all of the cooling
hole “small” indications shown 1n Table 8 were Type II errors, although confirming fractog-
raphy of all the radial cooling holes was prohibited by cost and +".e restraints.

i e os e AT T,

Inspection results from disk S/N BM 798 also confirm Phase "1 results showing inspec-
£ tion to be the most sensitive of the three technigues evaluated (see cooling kole No. 24)
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Intially, an abrasive plastic wool was used to prepare the disk radial cooling holes pror
to EC Circograph inspection, Results shown in Table 8 reflect this premnspection preparation.
However, the radal cooling holes were later mildly vapor blasted to remove any residual oxi-
dation effects, and subtle changes occurred in the subsequent EC indications. In general all
indications, as well as baseline flutter, were reduced in size. However, indications from several
holes, including hole No. 24 (containing a 0.010 X 0005 in. crack), were actually sharpened
and more easily resolved This phenomenon can be explained as either elimination of residual
oxidation effects or rearrangement of residual stresses 1n the cooling holes Further investiga-
tion 1s currently underway at GPD. Prehminary mmpetus for the use of vapor blast to prepare
EC nspection surfaces, wstead of manual preparation using abrasive plastic wool, is reduc-
tion in manhours required to perform the procedure. However, these results indicate that
greater crack resolution may also be obtainable using vapor blast as preparation,

Phase III laboratory vs production FP resuits indicate production inspection may imss
disk lug cracks which are detectable under more carefully controlled laboratory conditions.

Spin study results using the computerized AE system were encouraging from the stand-
point that the system did remain functional as an automatic AE source focator through the
fuil range of spin conditions. But due to the low gain levels required to prevent reception of
spurious electrnical noise, the system 1s currently incapable of actual fatigue crack inspection
The system has recently been rechecked 1n the laboratery in Condition D of Table 9 using a
slipring manufactured by Lebow Associates, Inc. Maximum gain achievable using the new
shpnng was 99+ dB, as good as the baseline condition This means that the system could be
run at gan settings which are practical for the detection of fatigue crack propagation n
IN100 with adaptation of the Lebow slipring. The associated cost of fixturing and spin modi-
fications cannot be considered within the scope of this program, but future spin studies will
incorporate the new shpring design. An IR&D program, whose goal is to detect an actual
propagating crack in a spinning disk, 1s scheduled for late 1975.

PHASE IV (DISK RESIDUAL LIFE STUDIES)

Lafe predictions for ferns wheel LCF testing of three st-stage turbine disks were based
on an interpolative empinical fracture mechanics model based on the hyperbohe sine Model
development was performed by GPD personnel for AFML Contract F33615-75-C-5097. Devel-
opment and pnmary applications of the hyperbolic sine model are thoroughly discussed in
References 5, 6 and 7. The interactve effects of stress, temperature, time and environment are
descnbed with the model.

Log (da/dN) = C, 1 sinh (C, 2 (log (AK) + C,)) + C, 4)

The stress intensity solution for Phase IV disk hfe predictions was developed from
empirical data generated during crack propagation testing of turbine disk S/N BAA 43
Crack growth (a vs N) data developed from the disk test (Figure 46) were correlated with
da/dN vs AK data from compact ¢ P tests at the same temperature, stress ratio,
and frequency, to produce a normalized K vs a relationship (Reference 16) The model 18 pre-
sented as Figure 48,

The K/¢ vs a plot reflects an abrupt change in crack growth rate the first time 90
ksv+/m was attained. Ultimate falure of the disk occurred When 90 ksi/+/in. was again
reached This value corresponds approximately to the maximum value observed during crack
growth rate testing, Whereas ding this maximum stregs intensity results in failure dur-
mg laboratory da/dN testing, it is felt that the bulk of the disk surrounding the coohing hole
prevented catastrophic failure when this critical value was first exceeded; failure of the mate-
nal surrounding the hole occurred when this was exceeded a second time,

n
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Disk S/N BAA 43 was LCF tested in the ferris wheel at 1200°F, 2 epm, R = 0.02. Since
no fracture mechanics data were available at those conditions, the hyperbolic sine model for
existing 1200°F, 10 cpm, R = 0.1 data was stress ratio and frequency adjusted to produce an
interpolative da/dN vs AK relationship for the disk test The da/dN data from which the fre-
quency model was derived are illustrated in Figure 49. Frow: Figure 50, “Effect of Frequency
on SINH Model Coefficients C, and C,,” the coefficients C, and C, for the 2 cpm model were
calculated as 3.68 and -4.20, respectively. From the C; vs C, relationship in Figure 49, C, was
determined to be -1.422. For IN100, C, has a fixed value of 0500. The model for 1200°F, 2
cpm, R = 0.1 takes the form*

Log (da/dN) = 0.5 sinh (3.68 (log (AK) - 1.42)) - 4.20 ®)

From the stress ratio model, colinearity of the sinh curve inflection points (Figure 51)
may be described by.

C,=-M,C,+B, ®

Assuming linear change of M; with frequency change, M; = 092 C, and C, are already
known; therefore:

C,=-092C,-5.51. @
From Figure 52, “Effect of Stress Ratio, R, on sinh Model Coefficient, G

C;=M,log (1-R)+ B,
Assuring hinear change of M, with frequency change,

B, =0542log (1-0.1) - 1.42 = -1.45 )

C,=-0542log (1-R) - 1.45. (10)

Using equation (10) for the new stress ratio, R = 0.02, C; = -1.442. From equation (7), C, =
-418 Pnor expenence has shown that C, varies httle with minor changes in stress ratio, so
the interpolative crack growth model for disk S/N BAA 43 test conditions (1200°F, 2 cpm, R =
002)1s

Log (da/dN) =0 5 sinh (3.68 (log(AK) -1 44)) -4.18 [¢9))

The above crack growth rate model is presented in Figure 53 as curve No. 1. Upon
development of the experimental stress intensity model, the GPD life analysis computer pro-
gram was checked for functionality (correlating actual vs calculated hife cycles) The compan-
son 18 shown as Figure 54.

The 1st-stage turbine disk S/N OZ 7463 (retired from expenimental F100 engine P036)
was ferns wheel LCF tested at 975°F, R = 002, with a 2-min dwell at maximum load Crack
growth data did not exist for the above conditions, so the available 1200°F, R = 0.1, 2:min
dwell curve was adjusted for temperature and stress ratio to produce an interpolative hyper-
bolic sine da/dN model for the disk test
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Spec No. Symbol

1000307
1000347
1000324
1000540
1000527
1000644AF
1000346
1000633AF
1000604AF
1000337
1000326

e < NI IX+ bG

2 Minute Dwell
0 5 Cycles Per Minute
10 Cycles Per Minute

20 Cycles Per Second
= -M1C3 + By

2
o
>
o
S
£ 105
L}
z
o
]
o
©

My = 18.20
By = 30.07

;
i
i i
| .—Variable Frequency
and Hold Line

]
]
!

, —Paris Threshold Line

il Euntll| i

2 5 10 2 § 100 2 65 1000
AK, ksiy/In,

Figure 49. The Effect of Frequency on Crack Growth Rate at 1200°F, R
=01
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Figure 51.  Effect of Stress Ratio on Crack Growth Rate at 1200°F, 10 cpm
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Figure 52. Effect of Stress Ratio, R, on Sinh Model Coefficient, C, at

1200°F
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Crack Growth Models for Phase IV Turbine Disk Tests
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Figure 54. 1st-Stage Turbine Disk S/N BAA 43, Actual vs Calculated
Crack Length, Radial Cooling Hole
The SINH model for 1200°F, R = 0 1, 2-nunute dwell 1s:
Log (da/dN) = 0 5 sinh (4.20 (log (AK) -1.45)) - 3.50. (12
Using equation (6) again and assuming linear change of M; with frequency change (2-min
dwell = 05 cpm for frequency adjustments), M; = 092. C; and C, are known from equation
(12), so B; =-4.83 and,
C,=-092C,-4.83. 13)

Using equation (8) again, and ing a linear change of M, with frequency change, B, =
-148 and,

C; =-0542 log (1-0.02) -1.48 = -1.47. (14)

From equation (13), C, = -3.48. So the interpolative crack growth model for 1200°F, R = 0.02,
2-min dwell, is

Log (da/dN) = 0.5 sinh (4.20 (log (AK) - 1.47)) - 3.48. (15)

The effect of temperature on 2-min dwell testing of IN100 may be illustrated as in Figure
55, Using the relationships,

AC; - (4.20 X 10%) AT, and (16)

AC,=(4.94 X 103) AT, [$%))
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C, and C, are calculated as 3 26 and -4.59, respectively. The interpolative crack growth model
for disk S/N OZ 7463 ferris wheel test conditions 1s,

Log (da/dN) = 0.5 sinh (3.26 (log (AK) - 1.47)) - 4.59. (18)
The model is shown 1n Figure 53 as curve No. 2.

Using equation (18) and the exper tal stress intensity medel developed from the disk
S/N BAA 43 program, a mummum residual life of 1750 cycles was computed from an imtal
detectable flaw size of 0.010 in. The initia! flaw size was arbitrarily determined from Phase II
and Phase III results as the minimum detectable flaw size in the disk radal cooling hole
(remembenng that before ferns wheel testing was imtiated, no flaws were detected). This min-
imum residual hfe calculation }s favorably with the actual crack propagation hfe of
1850 to 2491 cycles. Actual and calculated a vs N are presented as Figure 56.

03

T =975°F Actual
v =2 Min Dwall 2Surface

R =002 Actual
= 8internal —
a 0.010 in \
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Figure 56. 1st-Stage Turbine Disk S/N OZ 7463 Radial Cooling Hole
Residual Life Analysis

To produce an interpolative crack growth model for disk S/N BDB 257 ferns wheel test
conditions, the model for disk S/N BAA 43 equation (11) was temperature adjusted from
1200°F to 1050°F. Assuming that the effect of t perature on sinh coefficients C, and C, is
similar at a cychic frequency of 2 cpm to that at 10 cpm, the relationships of Figure 57 were
used to calculate C; = 3.24 and C, = -4 42 The crack growth model for disk S/N BDB 257 fer-
s wheel test conditions (1050°F, 2 cpm, R =002) is represented as,

Log (da/dN) = 0.5 sinh (3 24 (10g (AK) -1.44)) -4.42, (19)

The da/dN model is shown 1n Figure 53 as curve No, 3.
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: A fracture mechanics residual life analysis was again performed using equation (19) and
: the stress intensity solution of Figure 48. The Iting a vs N relationship (Figure 58} pre-
dicts a residual hfe of 959 cycles from a, = 0.010 in. Therefore, periodic inspections were per-
formed during the ferris wheel test program in mcrements of 1000 cycles or less to demon-
strate flaw inspectability before disk failure (the basis of Retirement-for-Cause philosophy).
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ist-Stage Turbine Disk S/N BDB 257 Radial Cooling Hole
Residual Life Prediction

fussitly

After the disk had exhausted a “safe” portion of its LCF life, periodic inspections began
at cycle 6500, Real time AE rate mspection indicated fatigue cracking beginming near cycle
11,000, but EC mnspection could not locate a defect in a radial cooling hole (primary fracture
cntical location). At 12,500 cycles, FP ingpection located the crack in an axial coohng hole, so
the EC inspection procedure was modified to evaluste all axial holes, as well as the radial
cooling holes The disk failed at 14,062 cycles from the axial cooling hole crack, which was

caused by a weak recast layer at the hole edge The tmportance of performmg AE and FP
winspections ts dlustrated in this case when fracture or datae dard !
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By the time BDB 257 failed, most of the radial and axial holes contained Circograph

dications. As tioned in Section 111, the radial holes were vapor blasted atter dish farlure

in an eﬁoxt 10 remove any oxidation effects. The procedure worked well, since the only

i h indication afier vapor blast was verified by fractography as a fatigue

crack. The 0050~m. crack was easily detected using the Circograph and would have token
appr tely 700 additional cycles to cause disk failure

It is apparent that an F100 latetage turbine disk fested at the ¢onditions of S/N BDB

257 (1050°F, 2 ¢cpm, R = 002. Ae = 1.0%) will cmtam an isepectable defocf using the inspection
methodology develop ng this p 1! tary AR, FP and EC evaluations)
and strategically spaced £ By a siml ]Jhl]OSO':hy, a lst-stage #arbine disk could
be periodically removed from an F100 engine and inspected until a gu»ntxﬁabk defect neces-
gitates “RetirementforCause.” This would require stringent, Jab ripcont

procedures not currently available at Air Force overhaul depots ”
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Both of the previous Phase IV disk tests rt the residual life prediction philosophy
in that actual residual ferris wheel fatigue lives correlated closely with predicted crack propa-
gation lives from an a, below the inspectability limit when a “no flaw” situation was indi-
cated by NDE at the final inspection. Disk test results are summarized in Table 12.

TABLE 12
DEMONSTRATION OF RESIDUAL
LIFE PREDICTION PROCEDURE

Disk S/N BAA43 0Z 7463 BDB 257
F100 Engine FX217 PO36 FX221
Engine LCF Cycles 1311 1001 9317
Basehine Inspection . * .

F/M Minimum Lafe 303 Cycles 1750 Cycles 959 Cycles
(8,=00101m)

Furst Flaw Indication 100 Cycles 1550 Cycles 11,000 Cycles
From Acoustic Emsson

Restdual Lafe 550 Cycles 3400 Cycles  14,062**Cycles

Resdual Lafe 450 Cycles 1850 Cycles 3,062 Cycles
From First Indication***

*No indications from AE, FPI, or Eddy Current.
**Failure at nonstandard location
s+C with “F/M M Lafe(a, 00101 )"
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SECTIONV
CONCLUSIONS — F100 1st STAGE TURBINE DISKS

Devel t and evaluation of AE technology throughout this program has resulted in
the following observations:

e AE inspection is sensitive to unexpected defects in the entire component,
as well as thoge 1n primary fracture critical locations

AE inspection 18 not limited to surface or near-surface defects,

Apphcation of AE techniques to real time component inspection of oper-
ating gas turbine engines is a possibility.

While AE 1nspection would not be successful as a periodic mspection to indicate nitia-

tion stages 1n an IN100 turbine disk (due to lengthy penods of low AE activity), it has been

ful as an indicator of fatigue crack propagation damage and would suffice as a pen-

odic mspection 1n that realm (Figure 59). There 18 no available NDE techmque which will
perform satisfactorily as a periodic inspection to assess fatigue initiation d

Fracture

Macrocrack Growth ——\

Nucleation

Microcrack
Initration

<
£
&
e
-
4
x
©
4
Q

AE Response

Intiation !
I A S
Tota! LCF Life——————————®=~
FD 148922

Figure 59 AE Response Dunng Total Fatigue Life of Wrought GATOR.
IZED® IN100

The results of Phase IV NDE and fracture hanics studies indicate that, based on a
fracture h residual hfe prediction, an F100 1st-stage HPT disk could be
periodically inspected at realistic intervals, remstalled in an engine, and retired only when a
geries of complementary inspections prod a flaw indication. The compl tary inspec-
tions includ plicati of AE, EC, and FP techmques Thc resultmg Retire-
ment-forCause phy may be expanded to include many “fracture-l com-
ponents through apphcation of fracture mechanics hife analysis and state-of-the-art laboratory
NDE.
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Phase III disk inspection and fractography its d trate the ty of comple-
mentary and redundant inspections to d h both Type I and Type II errors. For any par-
ticular mspection requirement the relative economics of mmspection costs vs the impa.t of
mcreasing Type I and Type II errors will have to be weighed to produce the optimum nspec-
tion method.

The basis for Phase II studies was a comparative analysis of state-of-the-art NDE tech-
mques as apphed to simulated turbine disk fracture cntical locations Rather than producing
a “most sensitive” technique, a set of relative advantages and disadvantages was determined
for each procedure, leadirg to intelhigent application of each toward a complementary nspec-
tion methodology for the F100 1st-stage HPT disk

ACOUSTIC EMISSION
Advantages

1. Inspection is sensitive to unexpected defects in the entire component, as
well as those in primary fracture entical locations.

Inspection is not limited to surface or near-surface defects, e.g, AE was
sensitive to internal defect in bolthole specimen

Application of AE techniques to real time component mnspection of oper-
ating gas turbine engines 1s a possibility.

Disadvantages

1. The specimen or component must be stressed to perform AE inspection
2 Inspection sensiivity 1s dependent upon matenal charactenstics.

For example, cast IN100 specimens stressed at elevated temperature produced AE rates two
orders of magmtude higher than wrought IN100 specimens stressed at simlar conditions
upon mtiation of fatigue cracking

EDDY CURRENT
Advantages

1 A small flaw (crack length of approximately 20-mils or less) is more eas-
1ly detected in a properly prepared surface using this technique.

Required inspection fixturing is relatively simple since no stressing of
the specimen or component is required.

Disadvantages

1. Inspection is so sensitive to extraneous materials, such as oxidation lay-
ers, that only a ngorous and nighly controlled preinspection surface
preparation may prevent an intolerable number of rejections due to Type
II errors. Of the inspection methods evaluated, EC produced the highest
inad of err 1s flaw ndications,




The technique is viable only for inspection of consistent specimen or
component geometries. Major setup changes are required to inspect var-
ied surface configurations.

Ingpection is limited to surface or near-surface (within 30-mils depth)
imperfections.

WINK FLUORESCENT PENETRANT
Advantages

1. More sensitive to surface fatigue cracks than the standard static FPI or
room temperature AE inapection of wrought IN100.

Laboratory FP inspection has a relatively low incidence of Type II errors
when compared to EC or AE inspection.

Disadvantages
1 The specimen or component must be stressed to perform wink FPL
2 Inspection procedures must be performed while the specimen or compo-
nent 1s being stressed, making accessibility to the F100 Ist-stage HPT
disk (Phase III inspection objective) fracture cnitical locations difficult,

3. Premnspection surface preparation 18 required.

%

S

4. Inspection is limited to surface defect:

STATIC FLUORESCENT PENETRANT

b
A

Advantages

S

1. A relatively low cost, licated i tech
2. Relatively low incidence of Type II errors Laboratory FP)

PR

Disadvantages

1. Inspectxon sensmwty is much lower than the sensitivity of any other
evl ing a higher incid of Type I errors.

2. Preinspection surface preparation is required.

3. Inspection is limited to surface defect:
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REPLICATION — (TRANSFER OF INSPECTION SURFACE DETAILS TO ACETATE FiLMm;
MICROSCOPIC EXAMINATION OF ACETATE REPLICA)

Advantages

1. Replicas taken while a specimen or component is being stressed may be
as sensitive to small surface cracks as wmmk FPL

2. A rephca acts as a permanent pictonal record of each inspection.

Disadvantages

.;.(‘fsiv' & “ 2 i

1. The inspection surface must be properly stressed to allow a high degree
of sensitivity to small, normally closed fatigue cracks.

e,

e,

Tedious preinspection surface preparation is called for to prevent diffi-
culty in visual interpretation of results

g b £
(RS

Performance of replication inspection and data nterpretation 1s relatively
time-consuming.

Inspection 18 hmited to surface defects.
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APPENDIX
ACOUSTIC EMISSION ANALYSIS

NATURE OF AN ACOUSTIC EMISSION EVENT

Acoustic emissions (AE) are low intensity waves that can occur when a material is
stressed. The mechanisms for AE range from basic dislocation motion to macroscopic crack
growth (References 17 through 20.)

Figure 60 illustrates a simple AE event. Assume a material imperfection such as a crack
in a deformable solid. When the material is stressed, it is possible that the crack advances a
small amount. The energy input to create new crack surfaces is balanced in part by elastic
energy dissipated in the form of a complex spherical wave. It is important to understand that
this is a transient event. If this wave continued to propagate in an infinite body, it would lose
energy at a rate proportional to R2, where R is the distance from the source.

Surface [ Transducer

IV\—-Source

A. Crack Extension

Wave Packet

B. Spherical Wave Packet

Rayleigh Wave
== s

e

Lo

-

C Rayleigh Wave Packet

Yot e s et

Electncal
Wave Packet

\ 0

D. Conversion to Electrical Signal

28 SN AT A R 350 A YR

FD 175144

Figure 60 A Simple Picture of an Acoustic Emussion Event
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In a real engmeering structure, however, this complex wave packet soon confronts a
boundary. When toring AE, a piezoelectric tr is ted on this boundary
Depending on the thickness of the structure, Rayleigh or Lamb surface waves are created
These surface waves are stronger than internal waves 1n that they decay as R-'. In reahty,
these surface waves are generally posed of both longitudinal and shear components, and
the transducer response to these components 1s a function of 1ts design The ideal transducer
has good, flat response over a relatively broad frequency range.

ANALYSIS OF AE SIGNALS: TIME DOMAIN

An underlying motivation in AE research 1s to correlate the elect ~. .. «nal output of the
transducer to the integrity of the component being monitored. The chare..t-~zation of the AE
signals therefore requires a thorough understanding of AE signal analysis technmques, stress
wave transmission properties of the material an comp t, the transducer resp and of
course the deformation and fracture processes 1n the material,

Cumulative Counts and Count Rate

The most and simplest of AE 1s the threshold-crossing counts tech-
nique. Here, as the transducer resonates due to some input energy, the number of events that
exceed a set threshuld voltage value are counted, as shown i Figure 61, Total counts or
count rates are usually obtained as a function of some dary test parameter(s), e g, load
or time. This method 18 best suited for burst-type AE and is, of course, sensitive to amphtude.
The “count” i only indirectly related to the damage event as expenenced at the transducer

Ringdown Counts Per Event

The number of nngdown counts per event () is related to the amplitude and pulse wadth
of the signal. For burst-type emission, 1t has been assumed (Reference 14) that the signal 1s a
damped sine wave of the form*

V=V, e¥ sin 2n ft (20)

where,

V., = AE signal at the transducer
V, = peak voltage

f = transd bs t fri

r = damping factor

t = time

If the nngdown time is large compared to the period of oscillation, then:

_ V.
n =frin V:-

-
=frin v,

n =ringdown counts per event
G = total gain
C = proportionality constant
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The values of f and r depend upon the geometry and acoustic transmission properties of
the structure, the loading system, the t properties, and mounting of the transducer.

There are serious drawbacks to using counting techniques alone. Among these are sensi-
tivity to the threshold voltage and tability for itoring conti type emissi

RMS Voltage

For the case of continuous emission, it can be assumed that if the signal is of constant
amplitude V, and frequency f, the signal can be represented by:

V.=V, 2 ft (22)

The rms voltage, V,,,, is measured as a mean value over some averaging time It 1s

comparab'e to the count rate measurement and is ideally suited for measunng continuous

emussion, A problem anses 1f the background notse is more than half the intensity of the real
signal. The true signal can then be corrected by the approximate expression (Reference 22),

V,(corrected) = [ V2, (measured) - V2. (noise) |* (23)

The energy rate, or power, of the AE signals can be approximated by the square of V,,
(Reference 21)

U=l.£,v‘2dt=wol£>sm221rftdtwvgmvzm 24)

The integration of V,_, is compacable to the total count measurement.

Energy

The energy 1 an AE signal 1s proportional to the square of the voltage Figure 62 pre-
sents a schematic of the logic in the D/E Energy Processor. One advantage to tms type of
signal conditioning is the ability to differentiate an event. Using the damped sine AE signal
model, Reference 21 develops a relationship between the energy for the event and counts:

WA

where,
' = counter threshold
. G = processor and counter gains, respectively
= counts per event

There are several ways to evaluate i'r for use in the above models If » for a given event
is known at two different gain settings, then fr can be calculated From equation 21:

m-'lz=fr[ln( (i,i‘ )-ln( %i* )]—‘frln( g—:) @6)

However, it is not possible to determine a single value of fr for all techniques used. Therefore,
theg I use of relationships such as equation 25 have limited value at this time
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Figure 62. Sch ic R ts in Energy Measuring
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Amplitude Distribution Analysis

The amphtude distribution analysis is an important mode of AE signal processing. The
Dunegan/Endevco 920/921 Distribution Analyzer charactenzes the transduced signal accord-
ing to the peak amplitude of the signal. The linear AE signal is converted to a loganthmic
signal, thereby creating a wide dynamic range. The log amplhfication characteristics of the
system are given in Figure 63. The log amp output 18 peak-detected to derive a dc voltage
proportional to the log of the peak amplitude of the signal. An analog to digital converter
then outputs to the 920 Distnbution Analyzer a series of 0 to 100 pulses that represents the
peak amplitude in dB, with 1 dB resolution

The peak amplitude distribution function E(V,) is the number of events with amphtudes
exceeding a given voltage value V. It is of the form.

E(V)=kV? 27
The terms k and b are constants for a given increment of loading on a structure A decrease
in b indicates higher amplitude events and therefore, impending failure The term b mught

also be independent of the distance hetween source and transducer (Reference 23).

The logic of the Dunegan/Endevco 921 Amplitude Detector is that each pulse (count)
represents the ratio of the input signal, in dB, referenced to 100 V. The input signal and
output count are related by:

v,
count = 20 log ( ﬁ‘v) (28)

The conversion time 1n this system 18 1 msec plus 20 usec per dB.
Pulse Width

The pulse-width distnbution analyzer counts the time that the envelope processor is
energized, i e, pulse width’per event. The pulse width on the D/E 920 is defined as

PW,; = (Slot Number) X Multiplier X 10 usec (29)

An event is defined as follows: the procezsor is energized at the first pulse of a burst. It
remains energized during the burst and stays energized for the envelope time period selected
after the last pulse of the burst above threshoid. The end of the envelope time 18 defined as
the end of an event. The total time that the processor is energized is the burst pulse width
(see Figure 64). Four envelope times are available: 50 usec, 100 usec, 1 msec, and 10 msec.
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negan/Endevco 9207921

Figure 63.  Log Amplification Charactenstics of Du
Amplitude Distribution Analyzer
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INSTRUMENTATION AND SIGNAL PROCESSING

The instrumentation used to monitor AE in Phase I of this contract is schematically
illustrated in Figure 65

Acoustic Emission Sensor and Preamplifier

The primary transducer being used at the Matenals Engi g and Technology
Laboratory 18 the Dunegan/Endevco Model D750, with a 750 kHz peak resonant frequency
This transducer has been found to provide optimum sensitivity to fracture events in IN100,

The D750 converts mechanical stress waves to electrical signals through a piezoelectric
crystal. Frequency response is shown in Figure 66. D /Endevco’s patented differential
design, incorporated into the D750, helps isolate the sensor signal from electrical noise.

The sensor and a Dunegan/Endevco Model 801-P Preamplifier are connected with a
short length (2 ft) of shielded cable. When used with a differential transducer, the 801-P pro-
vides 40 dB rejection of common-mode noise while supplying 40 dB gain to the processed sig-
nal. Internal noise is less than 6 uvolts.

Totalizer

An AE signal is further pr d in the Total (D /Endevco Model 301)
through amplifications up to 60 dB and bandpass filtening.

The Totalizer digitally displays the amount of processed AE in a cumulative or rate
form (when the signal 1s gated) A dc output is also provided to drive an x-y-y’ recorder.
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Figure 65. Acoustic Emission Configuration to Monitor Strain Control

Tests Phase 1. A tic Ej Characterization of Fatigue
Damage
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Distribution Analyzer Operation and Output

The FMDL has three Dunegan/Endevco Model 920 Distribution Analyzers, each capable
of sorting AE events according to the number of ringdown counts, time duration, or peak
amplitude of the event The analyzers are also able to perform one-dimensional source loca-
tion between two sensors by sorting the difference of arrival times of conditioned AE events

Analyzer output is divided into 101 slots, with each of the slots 1 to 99 representing 1%
of the full scale output and slot absolute values being additive from left to night as shown in
Figure 67. Slots 0 and 100 are “catch-all” slots for event values which are less than 1% of full
scale and greater than or equal to full scale, respectively. Slot values 0 to 100 are always
presented along the x-axis of an output.

The number of events at each slot location are registered along the y-axis of the ana-
lyzer output, with a hnear and logarithmic output capabuity. In addition, summation of
events from nght to left is also possible in the output.

Analyzer operation is optimized through use of a multiplier and variable signal envelope
The multipher is capable of expanding the full X-range by three orders of magnitude. Signal
envelope is the time duration after nngdown of a processed AE event before the system resets
to receive another signal. Envelope times from 50 usec to 10 msec may be selected

Figure 67 illustrates a typical registry for ringdown counts (top), pulse width (middle),
and peak amphtude (bottom). Two events are registered 1n the ringdown counts number 0 slot
(multipher 15 10). Therefore, the ringdown counts in each of these events were less than 10.

Pulse-width registry output incorporates emission pulse width plus envelope time to yreld
the total burst pulse width shown 1n igure 64. Two events are registered in the burst pulse
width 1.1 msec slot (nultiplier 15 10) in Figure 67. The envelope time was selected as one
msec so the AE pulse width-toringdown below a predetermined amplitude threshold is
between 0.1 and 0.2 msec

Amplitude registry covers the range 0 to 100 dB peak amplitude (multiplier not applica-
ble) Amplitude levels in Figure 67 span 22 to 43 dB. An amplitude threshold of 22 dB was
chosen for this test.

The Model 920 Distribution Analyzer is also capable of spatal filtering within the slot
locations 0 to 100. This function 18 especially important when a particular amplitude range,
pulse width, etc., 18 characteristic of a phenomenon which the test engineer wants to observe

The analyzer output may be displayed on an oscilloscope, as in Figure 67, or on an x-y
plotter. The cutput may also be input to a computer for further processing.
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